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THE GRAND CENTRAL TERMINAL 
IN PERSPECTIVE 


By WILLIAM J. WILGUs,! Hon. M. Am. Soc. C. E. 


SYNOPSIS 
This paper is intended more as an exposition of the inception, development, 
and quickening of a complex organism of magnitude, dating from 1831, than as 
a detailed description of the manner in which each of its many parts has been 
designed and constructed. Within this framework appears an outline of the 


- results that have been achieved in the interest of the owner, and of the public 


to whom they spell a successful adventure in civic planning—all made possible 
by the utilization of overhead air rights incident to the change of motive power 
from steam to electricity. Included also is an intimation of problems ahead, 
to be faced and solved. 

To the engineer who reads the paper will perhaps come the reminder that 
men of his profession, endowed with vision, may evoke as well as direct ‘‘the 
great sources of power in Nature for the use and convenience of man,” without 
necessarily the promise of self-enrichment customarily demanded by the busi- 
ness man of genius. To him, moreover, will come the thought that it is not 
only the railroad station he traverses, visible to the eye, that is affording him 
service and is entitled to his consideration, but also the vast unseen plant of 
which the station itself is the outward sign. 


INTRODUCTION 


Purpose to Be Served.—The completion of engineering works of magnitude 
is usually marked by their description in the annals of the Society or in the 
technical press. ‘The calling of the engineer is thereby enriched, and its claim 
to inclusion among the learned professions is increasingly strengthened. In 
one respect, however, it would seem that this laudable practice has fallen short 
of perfection. Seldom, if ever, do after years bring forth a subsequent state- 
ment of the extent to which the work in question may have measured up to 

Norz.—Written comments are invited for immediate publication; to insure publication the Inet aise 


cussion should be submitted by February 15, 1941. 
1 Weathersfield, Ascutney,P. O., Vt. 
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expectations in whole or part. Members of the profession and the public at 
large too frequently are not apprized of its merits and faults, of which adequate 
knowledge is to be gained only through long-time experience. To be fairly 
judged and truthfully recorded on the pages of history, the work should be 
seen in perspective. It is to the interest of the owner, as well as of the engineer- 
ing profession, that a deserved reputation for having well served a public pur- 
pose shall be made known, apart from the gaining of a monetary reward which 
also has proved in the end to have crowned the work with success. 

It is in this spirit that the writer is venturing to lay before the profession 
the evolution of the Grand Central Terminal and its approaches in New York, 
N. Y., and vicinity, not alone because of the service that they have rendered 
to their owners and the travelers who use them, but also because of their con- 
tribution to enlightened civic planning. 


Earzty BAcKGROUND FROM 1831 To 1869 


Beginnings of the New York and Harlem Railroad.—The marvelous growth 
of the City of New York, confined within the limits of the island of Manhattan 
until 1874, and expanded to include the other four boroughs (Brooklyn, Queens, 
Bronx, and Richmond) after 1898, is matched by the striking advances that 
have been made in its means of trunk-line transportation since they had their 
start as a horsecar railroad more than a century ago. 

In 1831, shortly after steam railroading devoted to public service first came 
to life in the United States, the New York and Harlem Railroad was incor- 
porated; and its initial stretch of a little less than a mile was put into use with 
horses as the motive power between Prince and 14th streets in the following 
year. At that time the city’s population was not much in excess of 200,000, 
and its projected street system north of 34th Street was as yet unopened and 
ungraded. Six and a half miles away was the isolated little village of Harlem, 
and between it and the city was the hamlet of Yorkville. The rugged mid- 
island terrain that faced the infant enterprise was indeed formidable for the 
times. Five years were required for the road to reach Harlem, in 1837, and 
another five to bridge the Harlem River and arrive at the point north of 
Williams Bridge, in 1842, where later the New York and New Haven Railroad, 
in 1849, was to make its connection at Woodlawn Junction, N. Y. Meantime, 
in 1839, the road had been extended southerly from Prince Street for a little 
more than a mile to the City Hall, and still farther in 1851 to the Astor House. 
Twenty years had elapsed since the work was started. In another year (1852) 
the road had completed its way to a junction with the Boston and Albany 
Railroad at Chatham, 130.75 miles from its southern terminus in New York. 

In the initial distance of nearly 16 miles, double-tracked by this time as far 
as Woodlawn Junction, the larger portion of the line south of the Harlem River 
had its place in city streets, either from the beginning, as for example in the 
Bowery, or later in Fourth Avenue and its continuation (subsequently to be 
known as Park Avenue) north of 32d Street after the company’s independent 
100-ft right of way by agreement with the city in 1837 had been incorporated 
within that thoroughfare, and then widened north of 34th Street to 140 ft. 
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The motive power of the road was limited by law to the use of horses south 
of 14th Street. North of that point, as a result of public pressure, the steam 
locomotive was constantly on the retreat, first to an engine terminal at 32d 
Street in 1846 and then to a location just north of 42d Street in 1859, from 
whence, a half a century later, it was to take its flight to far-off South Croton- 
on-Hudson (Harmon), N. Y., and North White Plains, N. Y. So for nearly 
forty years, from 1832 to 1871, railroad cars in Manhattan were individually 
drawn by horses for increasing distances as the use of the steam locomotive 
became more and more obnoxious to a population that, by 1870, had grown to 
approximately a million people. 

Entry of the New York and New Haven Railroad.—The New York and New 
Haven Railroad, a link in a series of railroads originating at Boston and other 
points in New England, secured trackage rights over the Harlem road south of 
Woodlawn Junction on March 17, 1848, and in the next year for the first time 
operated its trains in this manner for about 15 miles to Canal Street, where its 
terminus, adjoining a station of the Harlem road, remained until 1857. In 
that year the two roads established separately operated passenger stations side 
by side, with twelve tracks in all, on a block on the west side of Fourth Avenue 
between 26th and 27th streets, reaching back to Madison Avenue immediately 
north of Madison Square; no buildings had as yet been erected or streets opened 
above 42d Street. There the principal railroad terminus in mid-Manhattan 
remained for fourteen years until the Grand Central Depot took its place, and 
' the use of horses for hauling trunk-line cars on the Harlem road south of 42d 
Street was thenceforth abolished. It was the focus of the rapidly growing 
trade that had been fostered and developed by the widening network of rail- 
ways in New England, shortly to be expanded by extensions to Montreal and 
Quebec, Canada. 

Arrival of the Hudson River Railroad.—It now remains to sketch the origin 
and development of Manhattan’s third railroad entrance skirting its western 
shore (see Fig. 1). Incorporated in 1846 under the name of the Hudson River 
Railroad, and completed from Canal Street to Spuyten Duyvil, N. Y., in 1847, 
it was opened for its entire length, 144 miles, to East Albany, N. Y., in 1851, 
two years after the two mid- Manhattan roads had put the city in rail communi- 
cation with the New England states. Beginning at Chambers Street, quite a 
distance west of the City Hall terminus of the New York and Harlem Railroad, 
it took its course at grade through Hudson, Canal, and West streets; then 
through 10th Avenue and private property to a station at 30th Street, to which 
point it was operated first by horses and eventually by means of a “dumb 
engine” preceded by a man on horseback bearing a red flag; and thence in 11th 
Avenue, ultimately to be known popularly as “(Death Avenue,” and beyond, 
the trains were hauled by steam locomotives of the usual type. 

Shortly after the completion of the Hudson River Railroad under the di- 
rection of John B. Jervis,2 Hon. M. Am. Soc. C. E., the series of lines that 
joined Albany, N. Y., with Buffalo, N. Y., were consolidated, in 1853, under 
the name of the New York Central Railroad, and by means of a ferry across 


2 For memoir, see Transactions, Am. Soc. C. E., Vol. XI (1882), p. 109. 
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the Hudson River at Albany were connected with the Hudson River Railroad 
to create a rail route from Chambers Street, in New York City, to Buffalo. 

Birth of the New York Central and Hudson River Railroad.—The time now 
was ripe for the entry into the situation of a man of force and vision who could 
and would seize the opportunity of welding together and improving these 
separately controlled arteries centering in Manhattan from the north. Cor- 
nelius Vanderbilt proved to be the man. Between 1863 and 1867 he had ac- 
quired control of the New York and Harlem, the Hudson River, and the New 
York Central railroads, and on November 1, 1869—the year in which the nation 
was first spanned by rail from sea to sea—had brought about the consolidation 
of the latter two under the name of the New York Central and Hudson River 
Railroad. Thereupon he began the construction of a link between that road at 
Spuyten Duyvil on the Hudson River and his controlled New York and Harlem 
Railroad at Mott Haven, N. Y. In bringing the traffic of all three systems on 
the north into a funnel to be used by them in common for 5 miles of the Harlem’s 
line as far as 42d Street, he also planned the building of a terminus, to be known 
as the Grand Central Depot. South of the depot the movement of their cars 
was to cease. With this went the concept that the then existing two-track 
surface line between the Harlem River and the new terminal should be four- 
tracked and depressed beneath the surface of intersecting streets in open cuts 
south of 56th Street and north of 96th Street, and in a tunnel under Fourth 
(Park) Avenue for the intervening distance. 

Concept of a Grand Central Depot and Improved Approaches.—In 1869, there- 
fore, the original Grand Central Depot and its improved approaches were visu- 
alized by Commodore Vanderbilt. He lived to see them partly completed (he 
died in 1877)—a fitting means of access to the nation’s metropolis by three 
railroad systems which then reached far in all directions to the north, west, 
and northeast, and promised to expand farther with the coming years. This 
is the background, a knowledge of which has seemed necessary for a proper 
understanding of the course of events that have had their culmination in the 
Grand Central Terminal of the present day. 


GRAND CENTRAL DeEpot FROM 1869 To 1899 


Planning and Building the Depot and Yard.—The decision having been made 
in 1869 that the new terminus should be located on the site of the then existing 
steam locomotive facilities between 42d and 45th streets (see Fig. 2), the pur- 
chase of the needed additional lands between Madison and Lexington avenues 
as far north as 48th Street was undertaken. By October 7, 1871, the work was 
well advanced, and the announcement was made that the trains of the Harlem 
road, one of which had departed from the depot on that day, would begin 
regularly to arrive and depart from it two days later, to be followed a week 
thereafter by those of the New Haven road, and still a week later by those of 
the New York Central. Apparently the link along the east bank of the Harlem 
River connecting the tracks of the former Hudson River Railroad at Spuyten 
Duyvil with those of the New York and Harlem at Mott Haven was then 
sufficiently ready for use, although according to some accounts it was not until 
the following year that it was fully completed, 
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In SoninIeHir this plan and that which was soon to follow, a four-track 
open cut between retaining walls was created in Park Avenue from 56th Street 
to 49th Street, south of which the yard, embracing some 10 miles of track, 
fanned out on the surface for storing cars as far as Madison Avenue north of 


Waris Root New York Central Waiting Room 
ie tetas tiat at 
wo 
Sas 
220 : 
gts 
=. NWS Four- 1s feiss wus Ll 
rk = E 


12 Platform Tracks 
Engine Houses 


a 2 be ri F= = = 
te} ty a hes tr re B 
ge 


| BAMA EOAnooarino S 


\<—— Depot and Yard Built 1869-71 > Four-Track Open Cut Built 1872-74 ee 
10 Overhead Foot-Bridges 


Af 
N SSW 2254 [ Sate 
Se ed Su ba Ue 
NN Train Shed 


Be] 
> 


se 


my 
= 
= 
oO 
so 
= 
OY, 
Ss 
8 


49th 
50th 


42nd 
43rd 
How 


Fia. 2.—Map or Deport Factitities, 1871-1874 


45th Street and for serving the depot with its frontage of 240 ft on the north 
side of 42d Street and 695 ft on the east side of Vanderbilt Avenue. The work, 
spreading over two years, was under the direction of Commodore Vanderbilt 
and his son, William H. Vanderbilt, and was designed and its construction 
supervised by Isaac C. Buckhout,? M. Am. Soc. C. E. 

Defects in Design.—The new depot when opened was hailed by the press of 
the day as deserving the thanks of the traveling community for such a liberal 
provision for their wants, and the arched roof of the train shed was praised as 
magnificent in its stately dimensions and its sincerity and dignity of design 
(see Fig. 3). In responsible quarters, however, it was criticized severely for 
its want of unity in its different parts, its unattractive architectural design, and 
its “unfortunate” exterior color treatment. In one important particular it was 
spoken of as ‘‘a great blunder.” The yard tracks on the surface acted as a 
veritable “Chinese wall” to separate the city into two parts for fourteen blocks 
—nearly three quarters of a mile—between 42d Street and 56th Street and 
forced the discontinuance of a leading north and south thoroughfare, then 
known as Fourth Avenue, between 42d and 49th streets. In time, too, the 
rising 14% gradient south of 56th Street, and the absence of indepenuent 
switching leads alongside of the four-track main entrance, were to limit gravely 
the capacity of the terminal, which in a few years was to be called upon to 
handle two to three times the 164 trains per day that greeted the opening in 
1871. In effect, the entrance to the depot yard was throttled down from four 
main tracks to two, south of 56th Street. 

Fourth Avenue Improvement.—The Grand Central Depot was no sooner com- 
pleted than plans were laid for the four-tracking of its approach as far north 
as the Harlem River. This was known as the Fourth Avenue Improvement 
and involved the building of an open cut between retaining walls from 49th Street 


+ For memoir, see Transactions, Am. Soc. C. E., Vol. I (1872), p. 171. 
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to 56th Street (see Fig. 2); thence a tunnel to 96th Street; thence an open cut and 
a stone-arch viaduct to 115th Street; and thence an open cut to 133d Street, a 
monumental work, the cost of which was divided between the railroad company 
and the city. Its execution was entrusted to four commissioners, Alfred W. 


Fie. 3.—Virw or TRAIN SHED, Looxine Sours, 1871 


Craven,! Past-President, Am. Soc. C. E., Allan Campbell,> Hon. M. Am. Soe. 
C. E., and Edward H. Tracy,’ M. Am. Soc. C. E., with Mr. Buckhout acting 
also as the engineer in charge. These four, and others on the work, such as 
Fayette S. Curtis,’ Past-President, Am. Soc. C. E., and S. LeF. Deyo,’ M. Am. 
Soc. C. E., in later years became prominent in the Society’s affairs. 

The construction of this adjunct to the usefulness and efficiency of the Grand 
Central Depot consumed about two years, from 1872 to 1874, during which, 
in 1872, the New York and New Haven Railroad became a part of the New 
York, New Haven and Hartford Railroad system; and, in 1873, the New York 
and Harlem Railroad was leased to the New York Central and Hudson River 
Railroad Company. Its outcome in a few years was to draw upon the owning 
company the opprobrium of the public at large and of passengers who were 
forced to travel through the covered section. The products of locomotive 
combustion in the two single-track side tunnels were imperfectly discharged by 
natural ventilation into the double-track center tunnel, from whence the smoke, 
gas, and cinders from all three tunnels were shot upward through longitudinal 
openings between the streets into the faces of passers-by and the occupants of 
the abutting property. The obscuration of signals in the tunnel and the dis- 


4 For memoir, see Proceedings, Am. Soc. C. E., Vol. VI (1880), p. 24. 
5 For memoir, loc. cit., Vol. XX, October, 1894, p. 179. 

6 For memoir, see Transactions, Am. Soc. C. E., Vol. I, p. 377. 

1 For memoir, loc. cit., Vol. 94 (1930), p. 1450. 

8 For memoir, loc. cit., Vol. LXX XVI (1923), p. 1646. 
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tressing conditions to which the passengers were subjected in hot weather, 
together with injuries inflicted on the surroundings, all had their part in the 
initiation of the plan for a change of motive power from steam to electricity 
in 1899. 

Yard Improvements, Including the Annex.—With the passing of years other 
improvements were found to be necessary in order properly to meet a rapidly 
growing business, of which the first, in 1885-1886 (see Fig. 4), was the installa- 
tion of improved interlocking switches and signals in an enlarged and rearranged 


New Haven 
iti New York Central Waiting Room 


HOE IU 


Madison 


rv i ‘ 4-Track Open Cut 
eres ae es . ae 2 E | 4-Track Tunnel 
Sete cto ela Heel mL 
Paap yp 4 


Lexington 


seianieineaiieiiete 


For Foot-Bridges See Fig. 2 
Depot and Yard Enlarged and 
Rearranged 1885 - 86 
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yard. With this went the erection of a seven-track Annex, 100 ft wide and 
650 ft long, on the easterly side of the depot for the benefit of incoming trains. 
The depot by this time contained twenty tracks of which eighteen were along- 
side of platforms. By an agreement dated December 31, 1885, horsecars were 
to be excluded from the depot confines, and a yard was to be provided at Mott 
Haven, five miles away, for the repair, cleaning, and storage of the New York 
Central’s locomotives and through trains. 


Harlem Depression.—The next change of magnitude was the depression and _ 


four-tracking of the Harlem road for 5 miles between a point just north of 138th 
Street and Woodlawn Road. This entailed the installation of automatic block 
signals, the elimination of grade crossings at twenty-two streets, and the build- 
ing of five overhead passenger stations. The work lasted from 1888 to 1890 
and was in charge of the chief engineer of the railroad, Col. Walter Katté,® 
M. Am. Soc. C. E. In 1891 improved signals were installed in the Park 
Avenue tunnel. 

Park Avenue Viaduct and Harlem River Drawbridge——The roadway, thus 
widened for four tracks at great expense, was not to be permitted to “rest in 
peace,” however. Bending to popular clamor, the railroad officials, in the 
years 1893 and 1894, joined with the city in raising the tracks out of the de- 
pression in Park Avenue, between 106th Street and the Harlem River, and 
placing them on a four-track steel viaduct longer than 6,400 ft, north of 110th 
Street. Beyond the viaduct the railroad, at its own expense, substituted a 


* For memoir, see Transactions, Am. Soc. C. E., Vol. LXXXI, December, 1917, p. 1727. 
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high-level, four-track drawbridge, 398 ft long, with two approach spans on the 
north, for the old low-level bridge that had been a serious cause of train delays. 
The viaduct work, practically completed in March, 1895, was prosecuted under 

a “Board for the Park Avenue Improvement above 106th Street,” for which 
Colonel Katté was the superintending engineer. In this he was midled by George 
H. Thomson,” M. Am. Soc. C. E., engineer of bridges, as he was in the case of 
the drawbridge and its approaches, completed in May, 1896, in which he acted 
as chief engineer for the railroad. 

Additional Stories and “Face Lifting.”—The next move for improvement in 
the terminal situation was the enlargement of the depot building, by adding to 
it three stories for office use, and by altering its architectural form and external 
appearance through the substitution of an artificial stone-work, stucco finish 
for the original frankly ugly natural brick. This change, completed in 1898, 
was made under the direction of Colonel Katté, chief engineer, and Bradford 
L. Gilbert, architect. 

Union Waiting Room, Track Changes, and Baggage Subway.—Then came the 
final alteration in the original concept when, in 1900 (see Fig. 5), the layout in 
the train shed was rearranged so as to provide for eleven platforms, served by 
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nineteen tracks under cover, and a baggage subway at their north end, coupled 
with the slight shortening of the stub tracks at their south end in order that a 
90-ft by 180-ft single waiting room, 36 ft high, and a 30-ft concourse might be 
provided between them and 42d Street, in place of the individual waiting rooms 
that had been used separately by the three companies during the previous 
twenty-nine years. Extensive changes, too, were made in the yard, including 
improvements in the signals and interlocking. The writer, as chief engineer, 
and Samuel Huckle, Jr., as architect, were responsible for the planning and 
direction of the station changes which, by the way, had the endorsement of 
Mr. Curtis, then chief engineer of the New Haven company.» At last the depot 
(Fig. 6) with its yard (Fig. 7) was to be used in common by the owner and its 
two tenants as a union station in the full meaning of the term. Its name had 
become the Grand Central Station and it looked as if, with its approaches from 
the north, it had reached a stage of perfection, barring the dreadful smoke con- 


10 For memoir, Transactions, Am. Soc. C. E., Vol. LXXI, March, 1911, p. 438. 
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ditions in the yard and Park Avenue tunnel, the severance of the city’s street 
system in a region of rapidly growing importance, and the lack of switching 
leads at the throat of the yard. Certainly there was nowhere in the United 
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from the north and west as far as the St. Lawrence River and the Great Lakes 
and beyond to sub-arctic regions and the Pacific Coast. 


GRAND CENTRAL TERMINAL TRANSFORMATION—FORMATIVE PERIOD 
FROM 1899 To 1907 


Initial Move for Electrification —In 1898, the writer, as engineer of main- 
tenance of way, New York Central Railroad system, was required to rehabilitate 
the entire system for heavy motive power and the other requirements of modern 
times, and in the spring of the following year it fell to him, in his new position 
of chief engineer, to devise a means for improving conditions in and approaching 
the Grand Central Station. The dangers and discomforts in the Park Avenue 
tunnel were calling aloud for abatement; the yard with its fly-switch operations 
and upward of 500 trains a day, nearly three times the number that were 
handled in the 1870’s, had become inadequate; the public was pressing for the 
restoration of cross streets and the abolition of the smoke nuisance at the yard; 
and the needs of the three railroad companies for more office space, despite 
the recently completed enlargement of the depot building, were becoming more 
and more apparent. Then, too, the Board of Rapid Transit Commissioners 
were intimating that they might by law secure the right to route their subway 
beneath the terminal, to the exclusion of such underground usage as the railroad 
might find to be necessary in the future. 

The writer’s modest experience with electrical problems, gained in the mid- 
west, was fanned anew into flame by a visit from Frank J. Sprague," M. Am. 
Soc. C. E., who called on the writer to propose the electrification of the com- 
pany’s branch to Yonkers, N. Y. This conference brought the writer to the 
conclusion that suburban trains at least might be operated southerly through 
the side tunnels to 56th Street and thence by means of additional tracks in a 
widened open cut in Park Avenue to a loop station to be built beneath the old 
depot and the adjoining land and streets. The plan for this, dated June 1, 
1899, was adopted by the Board of Directors of the company but was not 
authorized for construction nor made public until after the fatal train collision 
in the Park Avenue tunnel on January 8, 1902. It was then laid before the 
Board of Railroad Commissioners of the state on the 23d of that month as 
‘offering a means of minimizing the smoke evil and increasing the capacity of 
the terminal. Before this date the writer, in August, 1901, had retained Bion 
J. Arnold, M. Am. Soc. C. E., to study the feasibility of handling heavy through 
trains by electricity between Mott Haven and the terminal, and his reports in 
February, 1902, were in the affirmative. 

Meanwhile, the press of the city, particularly in the summer of 1901, was 
excoriating the Board of Directors for having done nothing, and all kinds of 
queer plans were advanced in its columns, and even in technical quarters, such 
as the proposal that the 2-mile tunnel should be operated as a single block; that 
ventilating apparatus with high chimneys should be installed for the dissipation 
of products of combustion; that the solid walls between the center and side 
tunnels should be removed; as was in fact tried out for a short distance with 
anticipated unsatisfactory results; that compressed air should be substituted 
OT OIE EDS A ae IE A TE LETITIA 


1 For memoir, see Transactions, Am. Soc. C. E., Vol. 100 (1935), p. 1736. 


for steam in the movement of trains; that the tunnel should be converted into 
an open cut; and that electric illumination should be installed in the tunnel, 
long since frowned upon by the enginemen who by experience had found it to 
be wanting. 

Concept of an Entirely New Terminal Utilizing Air Rights.—As he studied 
various proposals for retaining the old station in the new project, the writer 
was not satisfied that this was the ideal solution. In particular it was evident 
to him that a lofty new building for badly needed additional railroad offices on 
the site of the Annex would be in unhappy contrast with the neighboring imita- 
tion stone depot of less stately height. Why not (he questioned himself) tear 
down the old building and train shed and in their place, and in the yard on the 
north, create a double-level, under-surface terminal on which to superimpose 
office quarters and revenue producing structures made possible by the intended 
use of electric motive power? With this arrangement would go the erection of 
an adjoining hotel on the Harlem road’s vacant square on Vanderbilt and 
Madison avenues between 43d and 44th streets (see Fig. 8), and the incorpora- 
tion of a realty company for acquiring land and operating the rentable facilities. 
The keynote in this plan was the utilization of air rights that hitherto were 
unenjoyable with steam locomotives requiring the open air, or great vaulting 
spaces, for the dissipation of their products of combustion. Thus from the 
air would be taken wealth with which to finance obligatory vast changes other- 
wise nonproductive.» Obviously it was the thing to do. 

Plan of Revenue Producing Terminal and Improved Approaches.—It was on 
March 19, 1903, that the writer, as vice-president of the New York Central 
Railroad system, laid before President William H. Newman the detail plans 
that were intended to give expression to the parent idea conveyed to him 
in the preceding December. The objects were the erection of a suitable 
fifty-seven-track, all-electric, double-level terminal with a suburban loop, 
and a future rapid-transit connection should one be found to be desirable; the 
utilization of air rights producing income sufficient to pay interest on the 
cost of the terminal, the depression of the yard with street crossings restored 
from 45th Street to 55th Street, inclusive, and the attendant electrification, 
four-tracking, and other improvements to far-reaching points, including the 
elimination of 44 grade-street and highway crossings; the erection of a hotel 
and other means of attracting travel and revenue; the creation of a new north 
and south elevated city artery circumscribing the station building, extending 
over 42d Street on the south and joined on the north to a broad “Court of 
Honor” or ‘Grand Central Park” (see Fig. 9) on a future second level over the 
intersecting cross streets between 45th and 48th streets; and ramps connecting 
car-floor-level train platforms with the concourses. For this plan, Reed and 
Stem of St. Paul, Minn., were the architects for the station building. The 
opinion was hazarded that, in addition to being financially self-supporting, this 
treatment of the problem would result in the trebling or quadrupling of the 
suburban service when electrified. 

As of May 6, 1908, the estimated cost of the improvements, exclusive of the 
cost of additional lands and interest during construction, extending from 42d 
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Street to Croton-on-Hudson and North White Plains, 35 and 24 miles, respec- 
tively, including a hotel on the Harlem company’s vacant square, was as follows: 


SEREION,, jo Pics Duals foe Tete Ree SS Enea oh shee amg ee $ 8,500,000 
VA ee he cs hnctat g Ere eee ee 6,750,000 
Ja nalile tale eel ae eA bs So Gado ol bid womipue 10,400,000 
Four-tracking, etc. > 2.5 uk. > eet oe Se eee 7,810,000 
Revenue producing facilities...........------ 10,000,000 

Total oo 8 ee PR ek et ee 4 OOD 


Therefore, 20% of the total was assignable to the station proper, 15% to the 
yard, 24% to the electrification, 18% to the four-tracking and kindred work 


Fic. 9.—PRoposep TRANSFORMATION AS OF Marcu 19, 1903, Looxine Sours, SHowING ParRK AVENUE 
RESTORED AND WIDENED TO CREATE A ‘‘CourT oF Honor’ OvER THE Cross STREETS 
AND CONTINUED By MEANS OF CIRCUMSCRIBING ELEVATED DRIVE- 
ways AROUND THE STATION AND OvER 42D STREET 


within the electric zone, and 23% to the superimposed and adjoining revenue 
producing facilities, including the hotel. The annual net earnings to be realized 
from rentals and privileges alone were placed at $1,450,000, or enough to yield 
in excess of 3% on the entire outlay, apart from what was to be gained from 
economies in operation and from increased travel. In other words, enough 
revenue was believed to be obtainable from the voluntary investment of 23% 
of the total cost to carry in large part the 77% that was unavoidable in the 
interest of the railroad companies and the public. 

Approval of Plans by City and State and Commencement of Work.—On June 
3, 1903, these plans, so much more comprehensive than those approved by the 
city in the preceding December, were laid before a special committee of its 
Board of Estimate and Apportionment, and were then declared by Mayor Seth 
Low to be proof of the thought he had had for some time that the changes which 
were to come about within a comparatively short time would entirely alter the 
complexion of the city. Nelson P. Lewis,!2 M. Am. Soc. C. E., chief engineer 
of the Board, said: ‘“The plans impress me as providing perhaps the finest rail- 
way terminal station in the world. * * * I am deeply impressed with the 
magnanimous spirit of the company in planning things in a large and compre- 
hensive way, without regard to cost.’ 


2 For memoir, see Transactions, Am. Soc. C. E., Vol. 88 (1925), p. 1413. 
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In their entirety, including the electrification south of the Harlem River, 
the plans were formally approved by the city on June 19, 1903, under the pro- 
visions of the Laws of 1903, Chapter 425, that had been adopted by the state 
and accepted by the city on May 7 of that year; and the date of commencement 
of the work was fixed at July 1, 1903, with the understanding that it was to 
be completed within five years thereafter. Actual construction was started on 
track changes at 47th Street on July 18 and in full earnest on August 17, when 
the contractor for the yard depression, the O’ Rourke Engineering Construction 
Company (of which John F. O’Rourke,!* M. Am. Soe. C. E., was President), 
began the demolition of buildings on Park and Lexington avenues between 
45th and 50th streets. Olaf Hoff, M. Am. Soc. C. E., was engineer of struc- 
tures, later succeeded by J. L. Holst, bridge engineer. A. B. Corthell,!® M. 
Am. Soc. C. E., until well on in 1906, was resident engineer in charge of work 
in field and office, apart from that entrusted to the architects, and to Edwin 
B. Katté, electrical engineer, in respect to the electrification. It was planned 
that the yard excavation should be made in three successive “‘bites,”’ each to 
be completed before another was undertaken, working westward from Lexington 
Avenue, so that the traffic of the three railroads using the terminal, by this 
time grown to more than 1,000 train and switching movements on a busy day, 
might continue without hindrance. 

Concept of All-Electric Service Throughout Suburban Region.—It is now neces- 
sary to retrace steps for several months to the time when measures were under- 
taken to bring about the change in motive power. As an outcome of the 
writer’s recommendation in March, 1902, that he should have the advice of 
experts in that respect, an Electric Traction Commission came into being on 
December 17 of that year, composed of Frank J. Sprague, Bion J. Arnold, and 
George Gibbs!* (until September 5, 1905), Members, Am. Soc. C. E., as well 


as Arthur M. Waitt, the railroad’s superintendent of motive power, shortly 
| thereafter succeeded by J. F. Deems who took his place on the railroad. The 


writer made the fifth member and acted as chairman. Mr. Katté was made 
secretary and, as electrical engineer, was put in charge of the electrification 
work in field and office. 

As expressed in his several reports to President Newman between 1901 and 
1904, the writer’s original concept was that the outward limits of the electric 
zone for both express and suburban service should be established at Croton- 
on-Hudson and North White Plains. This was despite the absence of a legal 
obligation to go farther north than the Harlem River, because it was his con- 
viction that changing from steam to electric locomotives and vice versa within 
the city limits would seriously hamper traffic and would soon lead, by compul- 
sion, to another banishment of steam still farther to the north. Equally strong 
was his belief that an all-electric frequent service in the suburban region would 
promote a marked increase in traffic, and a freindly attitude by the public, 
without which any corporation, railroad or otherwise, has “‘hard sledding.”’ 
Nevertheless, there was a feeling by some in the Commission that electric 


18 For memoir, see Transactions, Am. Soc. C. E., Vol. 100 (1935), p. 1707. 
14 For memoir, loc. cit., Vol. 89 (1926), p. 1623. 

15 For memoir, loc. cit., Vol. 88 (1925), p. 1374. 

16 For memoir, loc. cit., Vol. 105 (1940), p. 1840. 
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locomotive service should not extend north of Mott Haven, because of the un- 
preparedness of the art for such a revolutionary change in the handling of 
extremely heavy, speedy, trunk-line trains. This was given voice in a letter 
dated June 8, 1903, to the writer from one of the Commissioners, who was 
supported in his position by another member. On October 31, 1903, a vote on 
the subject stood three to two in favor of the full extension, the writer casting 
the deciding vote. However, on the 3d day of the following month, the Com- 
mission unanimously decided that the plan as first promulgated should stand 
unchanged—namely that both multiple-unit suburban trains and express trains 
hauled by electric locomotives should be operated for the full distance between 
the Grand Central Terminal and the northerly termini at Croton-on-Hudson 
and North White Plains. Other important decisions reached at these and 
other meetings in 1903 were in favor of the use of direct current supplied to 
third-rail working conductors, and of vertical turbo-generators in the power 
stations. Dramatic conflicts of opinion developed between those weighted 
with the responsibility of making the enterprise work successfully and those 
on the outside who, without that responsibility, would see it done to their 
liking. Prominent among the critics was the late George Westinghouse, M. 
Am. Soc. C. E., who favored the adoption of alternating current supplied to 
overhead working conductors instead of direct current fed to a third rail, and 
who likewise favored the use of a horizontal turbo-generator. The A.C.—D.C. 
struggle later was to assume the dignity of a ‘‘celebrated case’? comparable to 
the famous “‘battle of the gages’ in England in bygone years. It gathered 
force when the New York, New Haven and Hartford Railroad, owning trackage 
rights south of Woodlawn, belatedly adopted the views of Mr. Westinghouse 
and found it necessary to plan an electric locomotive that could operate on 
both alternating and direct currents. 

The deliberations of the Commission came to an end at their 108th meeting 
on October 5, 1906, after the initial electric zone had been completed and was 
ready for the running of the first electric train. 


Intrusion of New Architects and Resultant Changes in Station Building De- 
sign.—lIt was not alone in the field of electrification that differences arose. — 


After Reed and Stem had been accepted as the architects for the Grand Central 
Station building, the architectural firm of Warren and Wetmore in 1903 offered 
to the railroad company a plan of another type. Later the last named firm 
became a part of a new organization for designing the Grand Central buildings 


known as “‘Reed and Stem and Warren and Wetmore, Associated Architects,” 


of which Charles A, Reed was named the executive, aided later by Mr. Corthell — 


who had previously acted as resident engineer. The two new members of the 
firm did not look approvingly upon the revenue producing features of the 


: 


original design and sought to change it to one more monumental in character, © 


devoted solely to railroad purposes. In addition to disapproving the outside 
terraced driveways, they proposed that the treatment of the waiting room and 
concourse should be altered and the train room left unadorned. It must be 
confessed that the differing views in the end resulted in compromises that i in | 
some ways were praiseworthy, although the resulting abandonment of the ele- 


vated driveways around the station building and over the cross streets north _ 


le en 
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and south of it (in which the writer and Vice-President E. H. McHenry, M. 
Am. Soc. C. E., of the New Haven road joined in non- -concurrence) was a griev- 
ous mistake that remained unrectified in full for many years. Happily, the 
station was so built that the elevated driveways could be added in the future, 
if and when it was deemed to be desirable. The intended high office building 
over the south end of the station on 42d Street also “fell by the wayside”; 
but provision was eventually made for its future construction around the con- 
course on the line of 43d Street. In addition to this the revenue producing 
features ‘“‘held their own” on the street and lower levels of the station and now 
remain to enrich the coffers of the railroad companies. This is true to a re- 
markable degree where the supporting columns beneath the street surface came 
to be designed for superimposed 20-story revenue producers outside of the 6- 
story station area. 

Continuing Evolution of Plans.—During the years that elapsed from the 
date of the first agreement with the City of New York, on June 19, 1903, to 
the fourth one dated July 8, 1907, the plans for the station and yard and the 
approaches within the electric zone were in constant flux owing to changing 
conditions; the opening of the purse of the railroad company for the purchase of 
additional land; the further requirements of public authorities; and the advance- 
ment of new ideas. At the station, as has been mentioned, the circumscribing 
elevated driveways were eliminated and the intended skyscraper frontage on 
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42d Street abandoned in favor of a building of a uniformly moderate height 
covering the original site and also the adjoining area extending to Lexington 
Avenue between 43d and 45th streets. Likewise, the intended ‘Court of 
Honor” over the cross streets from 45th Street as far north as 48th Street, of 
a width equal to that of the main station building fronting on 45th Street, 
went into the discard (see Fig. 10). However, it was in part revived in after 
years when the restored circumscribing driveways were extended over 45th 
Street and thence on a descending grade to the present level of Park Avenue, 
of which the viaduct therein had been widened from 60 ft to 140 ft under the 
modified agreement with the city dated April 28, 1905. 
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Then, too, underground rights on that date were secured from the city in 
Vanderbilt Avenue and Depew Place, whereby the suburban station could be 
widened; the station front on 42d Street was set back 40 ft and on Vanderbilt 
Avenue 70 ft from the street lines; and the site of the 45th Street viaduct was 
moved southerly so as to be werhin the original lines of that thoroughfare. 
Rights in addition were secured from the city for building a low-level outlet 
sewer to the East River, 6 ft in diameter, situated in 46th Street, for the drain- 
age of the far-down level of the terminal of which the lowest point was about 
80 ft below the crown of the 45th Street viaduct. 

Contract and Company Work and Quantities Involved at Terminal.—About 
seventy-three Grand Central Station and yard contracts, not including those 
for the electrification, were let from 1903 to 1907, inclusive. The most im- 
portant contract (for excavation and masonry in the depression of the yard) 
continued in existence until May, 1907, when, by agreement, the work was 


taken over by the railroad and with notable success was continued by company — 


forces under the direction of W. F. Jordan, Assoc. M. Am. Soc. C. E., reporting 
to the terminal engineer, then George A. Harwood,!7 M. Am. Soe. C. E., who 
had succeeded Mr. Corthell in 1906 and later became chief engineer of Electric 
Zone Improvements. The yard quantities to be handled from start to finish, 
according to the plans as they stood in 1907, approximated 3,000,000 cu yd of 
earth and rock excavation utilized in four-tracking and yard construction on 
the north, 260,000 cu yd of masonry, and 100,000 tons of steel. Twenty-five 
miles of pipes and sewers required change of location or replacement, and 27 
miles of track called for laying and ballasting, together with their attendant 
762-lever signaling and interlocking plant and the placing of passenger plat- 
forms along 6 miles of their length. 

Capacity and Scope of Terminal_—At this time the area of both levels of 
the terminal embraced 66} acres, or nearly three times that of the original 
depot and yard. Its plans provided for sixteen platforms served by sixteen 
tracks and a terminating double-track loop, with a possible rapid-transit con- 
nection on the suburban level; and fourteen platforms served by twenty-six 


stub tracks on the express level, terminating with one exception just north of. 


the north line of 43d Street extended, thus totaling forty-two tracks serving 
thirty platforms on both levels. In addition to this, on the express level, were 
twenty-six non-platform tracks terminating at the concourse and at 45th 
Street, making in all fifty-two tracks on the latitude of 45th Street. Added to. 
the sixteen in the suburban station this made a total of sixty-eight terminal’ 


tracks abreast on both levels, apart from miscellaneous storage and other tracks 


still farther north which brought the maximum number abreast to eighty-one. 
In all, the plans provided for the accommodation of 1,071 cars, or three times 
the capacity of the depot as it stood in prior years. 

The sizes of the spaces intended for the use of travelers on the express level 
were 80 ft by 204 ft for the general waiting room and 160 ft by 465 ft for the 
main concourse, with a cab stand on the west having its outlet to Madison 
Avenue north of 43d Street. The frontage of the terminal on 42d Street mea- 
sured 300 ft at the surface and 480 ft underground (see Fig. 11). The maxi- 


1” For memoir, see Transactions, Am. Soc. C. E., Vol. 92 (1928), p. 1700. 
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mum width of the upper level yard between Madison and Lexington avenues 
was 940 ft; that of the lower level, 475 ft. 

In the plan the terminal yard on both levels ended on the north at 50th 
Street, 2,049 ft from the southerly limit of the terminal at 42d Street. The 
inner six approach tracks continued into the station south of 45th Street on a 


Fic. 11.—Proposep TRANSFORMATION, 1907, VIEWED FROM THE SOUTHWEST; 
Evevatep Driveways ABANDONED TEMPORARILY 


0.42% ascending gradient so as to aid in the stopping of trains, and the outer 
four, two on each side of Park Avenue, descended on a 2.16% gradient to the 
lower level, the entire ten main tracks fanning out from the four in the Park 
Avenue tunnel at 57th Street. 

Status of Terminal and Associated Work at Close of 1907.—By the end of the 
formative period in the fall of 1907, the underpinning and side-walls on both 
sides of Park Avenue south of 57th Street, and the grading between them, had 
been finished sufficiently to permit the laying of four additional tracks, making 
eight in all, at the exit of the yard. The major portion of ‘‘Bite No. 1” on the 
easterly side of the terminal area along Lexington Avenue from 50th Street 
to 43d Street had been completed with its yard, substation, heating plant, 
express facilities, street viaducts, drainage sewer to the East River, and a tem- 
porary passenger station—all in actual use by the New York Central’s electrified 
suburban service. With this had gone the demolition of approximately 200 
buildings—a veritable slum clearance—including time-worn and smoke-stained 
churches, hospitals, and stores. The Annex had been demolished and ex- 
cavation was in active progress down to the lower suburban level beneath 
Depew Place and north of it, and the terminal building was nearly completed 
on Lexington Avenue between 44th and 45th streets. The entire yard, old 
and new, had been electrified in connection with the use of a third rail of the 
protected under-control type, devised by the writer in collaboration with Mr. 
Sprague, and the signals and interlocking were adjusted to the new conditions 


under which the direction of traffic had been reversed from left-hand to right- 


hand running. All this work had been done while the daily train service, apart 
from switching movements, aggregating several hundred in number, had been 
steadily increasing from about 500 regular trains in 1903 to more than 600 
in 1906. 


4 
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On Madison Avenue, between 43d and 44th streets, a temporary post office 
and office building had been erected on what was to be the site of the Biltmore 
Hotel. To facilitate the acquiring of real estate and the handling of rentals, a 
subsidiary company had been organized, as had been suggested in the parent 
letter of December 22, 1902. In area available for train operation, the original 
of a million square feet had been increased to nearly a million and a half, and 
the car capacity from 374 to 519 cars, or 40%. Moreover, through the sub- 
stitution of self-moving, multiple-unit electric cars for steam locomotive-hauled 
trains in the suburban service, after 1906, the total number of train movements 
in the terminal had been reduced approximately 30%. 

In short, all was in order for the continuance of the terminal work as planned, 
awaiting only a final decision as to the type of station to be built south of 45th 
Street between Vanderbilt Avenue and Depew Place, and the possible purchase 
of the easterly portion of the block on the west side of Vanderbilt Avenue be- 
tween 44th and 45th streets and a full block on 42d Street between Depew 
Place and Lexington Avenue, which later became the site of the Hotel Com- 
modore, for a further enlargement of the two track levels and the introduction 
of an additional loop. 

Exterior to the terminal the program was well advanced. Four-tracking 
on the Hudson Division, except at the Spuyten Duyvil cut, was in full use as 
far as the largely completed new steam and electric terminal at Harmon, N. Y. 
(South Croton). Two additional main tracks, making six in all, had been laid 
from Spuyten Duyvil to Ludlow, N. Y., at the south end of Yonkers. Four- 


tracking on the Harlem Division had been pushed on from Woodlawn Junction © 


to Wakefield, N. Y., just south of Mount Vernon, N. Y., and right of way had 
been purchased, or nearly so, for its extension to North White Plains where a 
combined steam and electric terminal had been practically finished, barring 
the intended loop. With this program, in accordance with the original policy 
recommended by the writer that the elimination of all grade-street and high- 
way crossings must precede electrification, the raising of tracks for more than 
2 miles was in progress in Yonkers, with which was to go the building of three 


stations and a large freight yard. Similarly, the Marble Hill (N. Y.) Cutoff — 


had been completed with its avoidance of many street crossings and a large 
saving in distance and curvature. Likewise, there were many other changes 
of alinement, and the new over and under street crossings with attendant sta- 
tions on the Hudson Division were already in use or, in a few instances, awaiting 
an agreement as to plans. On the Harlem Division the plans for two major 
changes of line were completed, one at Mount Vernon and the other at White 


Plains, whereby grade-street crossings were to be avoided and sorely needed 


>: 


new passenger and freight facilities provided. At many other places on that 


division the elimination work with new stations had been completed or was 
well in hand. All elimination work, and in consequence the electrification on 
both divisions, north of the limits of New York City, had been seriously delayed 
by reason of unavoidably long negotiations with the communities affected and, 


above all, by the inexcusable previous neglect of the state authorities to act 
promptly on the plans presented to them for approval. Within the City of | 


New York, not only had the main-line work of this nature been completed at 


——a ee 
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Marble Hill and at the three street crossings immediately south of it, and at 
Woodlawn on the Harlem Division, but also the work on the Port Morris 
Branch where a 1,773-ft double-track tunnel had been built under St. Mary’s 
Park in conjunction with many overhead street bridges and the remodeling of 
its waterfront terminal. 

One important feature in the rounding out of the new program was the 
separation of track grade crossings at the junction of the four-track main line 
of the Hudson and Harlem divisions at Mott Haven. Plans for this program, 
with a new station at 149th Street and a loop just south of it, were prepared 
and the necessary additional right of way purchased, with the idea that the 
suburban service, turned there as might be found desirable, would be operated 
at short intervals with varying lengths of trains to promote the growth of 
Westchester County, New York, and incidentally build up the Bronx as a 
satellite community to relieve future congestion in Manhattan. It seemed 
that such a course would accord with sound city planning and add to the safety 
of operation. Although it had then been authorized by the company, the plan 
has not been carried out in full, due, it is said, to financial and operating 
considerations. 

Turning now to the subject of electrification, which has been treated in 
detail by the writer in a previous paper,!® the two power stations had long since 
been completed in the fall of 1907, as had also the necessary substations, trans- 
mission lines, third-rail working conductors, repair facilities, signaling and inter- 
locking, reversal of traffic to right-hand running, equipment consisting of 
electric locomotives and cars, standard plans, operating rules and instructions, 
trains schedules on which to base calculations for the future needs, and tem- 
porary electric and steam terminals at High Bridge, N. Y., 7 miles out on the 
Hudson Division, and at Wakefield 13 miles out on the Harlem Division. 
Beyond the temporary termini it was not then possible to extend the electric 
service for which the work was well in hand or completed, because of the delay 
in the approval of the plans for the grade-crossing eliminations to which refer- 
ence has been made. Nevertheless, everything was in order to make the final 
touches to the electrification in the outer reaches of the electric zone as soon 
as these obstacles to safe operation were removed. 

The time to test the new motive power, and the readiness of the Grand 
Central Terminal to handle it, came on September 30, 1906, when the first 
electric train was operated into the station with complete success. It was not 
until December 11, 1906, however, that regular electric service was inaugurated 
on a small scale, followed by its gradual expansion until, on July 1, 1907, the 
situation stood as shown in Table 1. In addition, there were the movements 
of construction trains which went to swell the total, and of switching loco- 
motives still of the steam variety. So far as the New York Central company 
was concerned, under its contract with the City of New York, the use of steam 
locomotives in the Park Avenue tunnel was practically ended (96%) a year 
ahead of the agreed time, July 1, 1908. The delay in the conversion of the 
New Haven’s service was due to its belatedness in its own territory beyond 
—ie""The Electrification of the Suburban Zone of the New York Central and Hudson River Railroad in 


the Vicinity of New York City,” by William J. Wilgus, Transactions, Am. Soc. C. E., Vol. LXI, December, 
1908, p. 73. 
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Woodlawn Junction. Not until August 25, 1907, did it become possible to put | 


the reversal of traffic from left-hand to right-hand running into effect. 
It is by no means pleasing to record that while the change was in progress 
an electric train was derailed with fatal results on a curve near Woodlawn on 


TABLE 1.—Reguiar Exvecrric Train Service as or Juxy 1, 1907 


NuMBER OF TRAINS 
Percentages of 


ipti TN ald ip scl Sa| ole 2ralelectierrecets 
risa teh Steam | Electric | Total 
(1) (2) (3) (4) (5) 
i tral and Hud River Rail- 
pi a ia a ii dee RSL Sie o | 240 | 240 100 
Shop trains to and from Mott Haven Yard..............--.- 15 99 114 87 
BODtCOtALM ea tkehte ce rend oleh dpe oe hed dole ace enetanatatery mist heken 15 339 354 96 
Scheduled trains, New York, New Haven and Hartford Rail- 
FORA eee ee et Oe seth a stdia We aehena is Gaiiy hie lear Uperal ore, ofa foe Ov 122 30 152 20 
Totaly eases soa eet Sates BO Bae Welake PENS 137 369 506 73 


February 16, 1907. Bearing, as he did, the responsibility for having instituted 
and directed the Grand Central and other improvements in the electric zone, 
the writer very naturally was called upon by President Newman to defend the 
electric installation from the charge or suspicion that it was the cause of the 
wreck. This was successfully done to the satisfaction of Mr. Newman, W. C. 
Brown, the senior vice-president in charge of operation, the city authorities, 
the technical press, and the Board of Railroad Commissioners of the state. 

In the execution of the work some ninety-seven contracts were let for the 
electrification, two of unprecedented size for signaling and interlocking, and 
twelve for electric zone improvements, in addition to the seventy-three at the 
Grand Central Terminal of which mention has been made. In all, as will be 
seen, some one hundred and eighty-four contracts were let for the work situ- 
ated between 42d Street and the northerly termini of the region affected. In 
addition to this was the vast amount of work planned in detail under the di- 
rection of Mr. Harwood and V. Spangberg, designing engineers, and Mr. 
Katté, electrical engineer, and performed by company forces under the direction 
of George A. Berry and L. H. Byam reporting successively to the late Henning 
Fernstrom, M. Am. Soc. C. E., chief engineer, and W. H. Knowlton, principal 
assistant engineer, outside of the Grand Central zone, and under Mr. Jordan 
and James C. Irwin,’® M. Am. Soc. C. E., within it. This included the in- 
stallation of transmission lines and third rail; grading, laying, ballasting, and 
bonding tracks; digging and lining tunnels; erecting buildings, retaining walls, 
bridges, and fences; measures for reversing the direction of traffic and other 
signal work; snow and wrecking equipment; motive power facilities ; and the 
disposal of excavated material by train from the Grand Central Terminal to 
outlying points. 

The entire work by contract and by company forces had to be done in 
conjunction with the uninterrupted operation of an extremely heavy express 

19 For memoir, see Transactions, Am. Soc. C. E., Vol. 105 (1940), p. 1864. 
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and suburban service centering at the Grand Central Terminal, where the 
_ number of train and switching movements, as has been explained, amounted 
to as much as 1,000 on busy days. 

The dovetailing of the work in general was done through a Construction 
Committee which held in all 86 meetings between February 20, 1905, and 
October 31, 1906. On it were the heads of the various activities, including, at 
_ different times, Messrs. Fernstrom, Reed, Knowlton, Katté, Corthell, Harwood, 
Berry, Elliott, Ames, Hoff, Holst, and Spangberg of the engineering depart- 
ment, and A. T. Hardin and Ira A. McCormack of the operating department, 
the writer acting as chairman. 

Estimated Cost of the Enterprise—By the close of the formative period the 
estimated cost of the enterprise within the electric zone, terminating at 42d 
Street, as shown in Table 2, had increased from the original $43,460,000 to 


TABLE 2.—Estimatep Costs ExcuusivE OF INTEREST 


Original Estimate, | Modified Estimate, 


rs May 6, 1903 November 3, 1906 ipeteace 

Description 
: $ % $ % $ % 
Grand Central Station (Railroad)..... 8,500,000 20 14,000,000 19 5,500,000 65 
Grand Central yard................. 6,750,000 15 16,500,000 23 9,750,000 | 144 
Electrification BSUGRI ohelauatcttieter tel ol. neveher= 10,400,000 24 14,500,000 20 4,100,000 39 
Mout-tracking,CtC.s oss. cscs asec 7,810,000 18 17,000,000 24 9,190,000 | 118 
Revenue producers (approximately)...] 10,000,000 23 10,000,000 14 0 0 
Pata Serieh arate ciel Hereetiads $43,460,000 | 100 | $72,000,000 | 100 $28,540,000 66 


$72,000,000, exclusive of additional land purchases at the terminal and at the 
Marble Hill Cutoff, revenue producing adjuncts other than the projected Bilt- 
more Hotel and space in the terminal building itself, and interest on money 
during construction. 

It will be seen that the estimated cost of.the combined railroad station and 
yard had increased in its proportion of the total for the entire project from 
35% to 42%; that of the electrification had fallen from 24% to 20%; that of 
the four-tracking, with which went the elimination of grade crossings and recti- 
fications of line and new stations, had increased from 18% to 24%; and that of 
the revenue producers had decreased from 23% to 14%. The latter did not 
include an estimated expenditure of many times as much for the tremendous 
growth of superimposed structures that ultimately was to follow—a growth 
that in time was to reach $120,000,000 in contrast with the modest beginning 
of $10,000,000. In all an investment of some $185,000,000 for improvements 
in and above the terminal and along its approaches, exclusive of interest during 
construction and land, was to result from the parent thought that by such 
means vast wealth was to be mined from the air as truly as from “the reefs of 
the Rand.” 


Granp CENTRAL ‘TERMINAL TRANSFORMATION—CONCLUDING PERIOD 
FROM 1908 To 1913 


Partial Reversion to Elevated Driveway Plan.—It is a pleasure for the writer 
to record that the circumscribing elevated driveway plan, with its southerly 
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extension over 42d Street, came to life again in 1909, although only the westerly 
portion was built then, with a short descending grade to reach the level of 45th 
Street. The latter provision had been made in the original plan of March, 
1903, so that the “Court-of-Honor”’ idea later might be put into effect, should 
it be concluded that the Park Avenue overhead crossings of 45th Street and the 
streets beyond were worthy of adoption. 

Expansion of Track Layouts, Added Loop, and Station Rearrangements.— 
The subsequent purchase of additional land on Vanderbilt Avenue and on 42d 
Street between Depew Place and Lexington Avenue, to which reference has 
been made, led to the adoption of a plan for an additional loop, two storied, 
in 1909. At the time, this was particularly desirable for the use of the New 
York, New Haven and Hartford’s locomotive-drawn suburban trains which, 
unlike the New York Central’s multiple-unit trains, could not be properly 
handled in the lower level with its short-radius loop. 

Moreover, this additional purchase, and that of property on the west side 
of Park Avenue between 48th and 51st streets, made it possible to plan an 
advancement of the throat of the west yards on both levels two blocks north to 
52d Street, and in the station the expansion westerly resulted in an increase in 
platform space. Accompanying these changes in plan were others for the re- 
arrangement of the approach tracks on the westerly side of Park Avenue and at 
their entrance at 57th Street, together with the steepening of the gradients to 
and from the lower level from 2.16% to 3% on the two descending tracks and 
to 2.7% on those ascending. 

The northerly advance of the yard throats made it possible to do likewise 
with the southern end of the stub tracks on the upper level, thereby facilitating 
the rearrangement of the plans for the wai’ing room and concourse, and other 
changes in the station layout, in accordance with the final understanding 
reached by the presidents of the three railroads as provided for in the amended 
Triparte Agreement of which mention has been made. The results of these 
modifications are shown in Table 3 in which the data obtained in the original 
Grand Central Station of 1899 are compared with those applicable to the plan 
as it stood at the end of the formative period in 1907, and with those actually 
in being in 1925. 

Thus, it will be seen that an addition of 19% to the terminal area as it was 
planned in 1907 made it possible further to increase the track mileage 23% and 
the platform car capacity 32%, although the total car capacity remained about 
the same. Compared with the original station of 1899, the capacity of the new 


terminal, in round terms, thus may be said to have been more than trebled. | 


The area of the station building itself had not been increased greatly, but its 
facilities, measured by square feet, under both the plans of 1907 and what 
followed, had been quadrupled. The principal change made in their final pro- 
portioning was the decrease in the surface dimensions of the waiting room and 
its accessories, and of the concourses, as compared with what was proposed 
during the formative period. 

Another reversion to the original recommendations of the writer, in addition 
to that of the elevated driveways, and an equally happy one, was the abolition 


of gas for car lighting on express trains in the terminal. The attempt had been ~ 


a 
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made during the formative period to bring this about in favor of electric light- 
ing in all cars, express as well as suburban; but there had been opposition in 
some directions which long postponed what was clearly in the interest of safety. 


TABLE 3.—Comparison oF Costs 


ee Eee 


GrRanD CENTRAL TERMINAL? 


Original 


Description station As planned, As built, 
Ls 1899¢ January 1, 1908 March 28, 1925 
S E T S E T 
Area of terminal (acres)............... 23.24 24.22 42.29 66.51 31.21 | 47.89 | 79.10 
Length of tracks (miles)...............] 10.84 9.81 17.14 26.95 13.79 | 19.30 | 33.09 
Number of Tracks: 
' Abreast (maximum) ee 29 52 81 37 41 78 
Against platforms............. .| 19 16 26 42 17 33 50 
Number of platforms.............. Soe glee 16 14 30 14 17 31 
Car Capacity (Number of Cars): 
latiorm tracks. t+: so.s8 «is, 25's 214 171 252 423 167 392 559 
PALINGT CIS an tlete Uc mc cess afew lta eeieeee 366 389 682 1,071 502 629 1,131 
Area of station building (acres)#........ 5.90 tates See's 8.10 Se arkke ee 6.55 
Area of Station Facilities (Sq Ft): 
Waiting room and accessories...... 19,922 spss +k 103,295 rcs Teak 66,411 
WOHCOUTHES Weve cuselesiom ne stows a 14,814 aot ine 157,140 a Os be le 80,844 
Baggage rooms....... .| 33,315 al ety ‘eee 71,400 Rate etn 57,501 
Cab stand and drives 2,952 Bais 5 ee 39,640 Hite eh? 25,493 
Offices?. 2.06... eece ees 129,500 475,000 503,025 
Post office and railway mail... 33,000 104,495 154,642 
Total area of station facilities..} 233,503 | .... eile ee VOODOO OLOr, cvetee .... | 887,916 


« At the street level. 5 Exclusive of corridors and toilets and New York Central railway building of 
“eae e Ho suburban level. ¢ Column headings: S = suburban level; HE = express level; and JT = total, 
oth levels. 


Opening of the Transformed Terminal.—The new terminal in its final form, 
apart from developments that were still to come, was opened to the public on 
February 2, 1913, nearly fourteen years after its birth throes in 1899, and 
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Fig. 12.—Granp”CrntrRAL TERMINAL, OPENED FEBRUARY 2, 1913, 
with ELEVATED Driveways ParTLy RESTORED 


slightly over five years after its formative period had been brought to an end 
in the latter part of 1907. Referring to Fig. 12, the elevated driveways had 
been completed on the south and west sides of the station and held in abeyance 
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on the east side and north of 45th Street. The original idea was finally realized 
in full in 1927-1928, except that its northerly limit was fixed at 46th Street and 

s “Court of Honor” narrowed to the width of Park Avenue—140 ft. Pro- 
vision for a future high office building was made on the line of 48d Street, 
surrounding the station concourse, instead of a little farther south as originally 
planned. In this concluding period the work had been directed by George W. 
Kittredge, Hon. M. Am. Soc. C. E., chief engineer of the New York Central 
system, assisted by the heads of the enemescet and construction organization 
who, in large part, had been in charge of the work during the formative period. 
Those in responsible charge were Mr. Harwood, chief engineer of electric zone 
improvements, assisted by Walter L. Morse, M. Am. Soc. C. E., terminal en- 
gineer, W. J. Thornton, designing engineer, E. D. Sabine, ‘sade engineer, 
and Mr. Jordan, manager of construction; also Mr. Katté, as chief engineer of 
electric traction, and Azel Ames, W. H. Elliott, and H. S. Balliet, successively 
signal engineer. In cooperation with them was Mr. Reed, executive of the 
associated architects until his death in 1911, after which Warren and Wetmore 
took his place. Mr. Harwood later was to become a vice-president of the com- 
pany, as was Richard E. Dougherty, M. Am. Soc. C. E., whose early years in 
his profession were spent on the Grand Central Terminal transformation. 


COMPLETED GRAND CENTRAL TERMINAL AND APPROACHES 
FROM 1913 To 1939 


Full Reversion to Elevated Driveway Plan.—The elevated driveway at the 
station was, in the first instance, built on its westerly side only, with a grade 
connection with Park Avenue at 45th Street. Many years after this it was com- 
pleted as had been planned on the easterly side as well, and both driveways 
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Fic. 13.—Granp CENTRAL TERMINAL IN 1939 


were then extended over 45th Street to a junction with Park Avenue at 46th 
Street. At least in part the plan of March, 1903, was thus made a reality. 
Fig. 13 shows an electrified, two-level, covered terminal, with superimposed 
revenue producers south of 52d Street and 50th Street. Also shown are the 
restoration of Park Avenue cross streets south of 56th Street as far south as 
46th Street, and the elevated driveways over the restored 45th Street and 


around both sides of the station to a junction with the original Park Avenue — 


at 40th Street. The dream of Mr. Reed in furtherance of the writer’ 8 concept 


of an elevated extension of Park Avenue southerly from 45th Street, ap- 
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proved at the time by Mayor Seth Low and Nelson P. Lewis, on behalf of the 
city, and by President Newman, on behalf of the railroad company, thus in 
principle had come true. It was to the combined genius of Mr. Harwood and 
Ira A. Place, and of Amos Schaeffer,” M. Am. Soe. C. E., on behalf of the city, 
that fulfillment of the original driveway plan was finally brought about in 
1927-1928, a quarter of a century after its inception and 19 years after work 
on its westerly section had been initiated from 45th Street to 40th Street. 


Fic. 14.—Vrew on Park Avenusn, Looxrne Soutu From 50TH STREET IN 1939, SHowING REVENUE 
PRopUCERS OvER THE TERMINAL AND THE NEw YorRK CENTRAL BUILDING IN THE BACKGROUND, 
TuroucH Wuicu Connection Is Map witH Evevatep DRIVEWAYS SURROUNDING 
THE STATION Bryonp (CoMPARE WITH Fics. 3, 7, AND 9) 


Superimposed Civic Center—It will be recalled that with the coming of 
electricity as a motive power, and the opportunity thereby presented for the 
enjoyment of air rights which until then necessarily had lain fallow, it was 


20 For memoir, see Transactions, Am. Soc. C. E., Vol. 89 (1926), p. 1689. 
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proposed that buildings should be erected over the terminal that would produce 
revenue, In fact, the steel columns beneath had been designed sufficiently 
strong to serve that purpose. Gradually, in time, primarily under the guidance 
of Mr. Newman, this had been brought about to a degree that has far exceeded 
the fond expectations of the writer. Over the tracks have risen such world- 
known hotels as the Biltmore, the Commodore, the Roosevelt, the Wal- 
dorf-Astoria, the Park Lane, the Barclay, and the Chatham; such out- 
standing office structures as the Graybar and New York Central buildings and 
the overhead portion of the Grand Central Terminal buildings; such erections 
intended for special purposes as the Grand Central Palace, the Yale Club, and 
the U. S. Post Office buildings; and stately rows of apartment buildings of the 
highest class along Park and Lexington avenues as far north as 50th Street, and 
along Madison Avenue and Vanderbilt Avenue as far north as 48th Street and 
49th Street, respectively (see Fig. 14). The Grand Central Zone has become 
a self-contained city clearly evident to the casual onlooker who little knows 
that beneath it are the terminal yards of two great railroad systems. 
Approaches Within New York City——The work on the approaches, as 
planned, had been practically completed during the formative period, excepting 
the Spuyten Duyvil rectification, never since undertaken, and the Mott Haven 
Improvement for which the land was purchased but the work ever since held 
in abeyance other than the laying of additional tracks, the widening and length- 
ening of the 149th Street cross viaduct, and the commencement of a passageway 
connecting with the adjoining rapid-transit express station at Mott Avenue. 
The Mott Haven project in one form or another perhaps will have its day, as 
the modern move in city planning in favor of satellite communities grows in 
strength, as the growing needs for relief at the Grand Central Terminal may 
prompt the stopping of a portion of the suburban service at an outer point 
such as this, and as the demands of the public for the stoppage of express trains 
in a borough of a million and a half population become more insistent. 
Approaches in Westchester County—On the Hudson Division the improve- 
ments as planned were completed in the instances where that had not already 
been done during the formative period; but on the Harlem Division the four- 
tracking was completed to Mount Vernon only. Beyond that the laying of 
the intended additional two tracks and the construction of the wye at North 
White Plains have not been completed; but the new stations and grade crossing 
eliminations in that territory have been finished with due regard for the future 
four-tracking as planned. It is to be expected that the continued remarkable 
growth of Westchester County, particularly by reason of its character, will in 
time call for the rounding out of the improvements as originally designed. 


BENEFICIAL RESULTS 


Railroad Blessings—To the railroads using the transformed terminal and 
its approaches have come numerous blessings. Safety of train operation 
through the abolition of smoke and gas in the Park Avenue tunnel; adequacy 
of facilities for the efficient handling of a constantly increasing passenger service; 
the minimizing of “‘dead”’ train haulage to and from Mott Haven and of switch- 
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ing in the terminal yard; economy of operation as demonstrated in the writer’s 
paper!’ of which mention has been made and set forth in reports made to Mr. 
Newman in August and September, 1907; revenue gained on a vast scale from 
superimposed buildings in the Grand Central zone; the inducement of travel 
over the lines of the railways having their terminal in the heart of a civic center 
practically under one roof; the advertising value of an electrically operated 
double-level underground terminal centered in a capacious station favorably 
known to the entire world—all these well may be termed blessings. 

To these, of course, should be added the growth in the number of passengers, 
made possible by the expansion and convenience of the improved terminal and 
its approaches, and induced by the removal of deterrents incident to the use of 
_ steam motive power. Evidence of this is shown in Table 4. 


TABLE 4.—PASSENGERS IN AND OUT OF THE GRAND CENTRAL 
TERMINAL (IN THOUSANDS) 


1906 1930 Polecitace of 
- nerease 
Description 
Commuters} All Commuters} All Commuters} All 
PATGSOMMDTVISION . << lcs co.0 ceubiers ae nen es 3,065 5,829 9,913 14,605 223 151 
iarlom Division. ©. .ceces see see kes 3,570 4,905 16,351 19,160 358 291 
Total New York Central and Hud- — 
son River Railroad¢..........- 6,635 10,734 26,264 33,765 296 215 
New York, New Haven and Hartford S,1ne 8,305 9,444 16,878 197 103 
MECAMIM OSL: eae ati latieycuceohe aber onsatnte 35 
Grand tOtAl oo. ebeg Ke eeleone ke * oe 9,812 19,039 35,708 50,643 264 166 


2 Including New York and Putnam and 125th Street stations. 


In a word, the traffic of the New York Central road in 24 years had quad- 
rupled in its commuter service and more than trebled in its combined commuter 
and express service, whereas that of the New York, New Haven and Hartford 
had trebled and doubled, respectively. For both roads in 1930 there was almost 
a quadrupling of the number of passengers that had been moved in commuter 
trains in 1906 and something less than three times the number handled in the 
trains of both services. The new electrified terminal with treble the car ca- 
pacity of its steam predecessor, or quadruple the capacity if weight is given to 
the diminished need for switching through the use of electric motive power, 
had, therefore, fully measured up to the needs of the occasion in 1930. Taken 
all in all, so far as the writer is aware, the enormous expenditures made on the 
terminal and its approaches have been fully justified by results, judged from 
the viewpoint of the railroads concerned. 

Public Blessings—Steam railroads almost invariably have a depreciating 
effect on neighboring property, especially in urban and suburban communities 
where their smoke, gas, cinders, noise, and unsightliness in the open discourage 
civic development and are productive of shabby surroundings or even slums. 
There was no more striking evidence of this than in the vicinity of the original 
Grand Central Depot yard and therefrom northerly along Park Avenue as far 


, 
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as 96th Street. If proof of this were needed, resort may be had to a comparison 
of the assessed values of real estate in 1904 before the intent to transform the 
terminal had become widely known and in 1930 when completed (see Table 5). 

It will be seen that the increase in Manhattan as a whole was 175% (174.7% 
to be exact) and in Section 5, exclusive of the Grand Central zone and beyond, 
168%. It is fair to assume that had not the Grand Central improvements 
with their restoration of the cross streets and Park Avenue been effected the 


TABLE 5.—AssEssEeD VALUES, IN MILLIONS OF DOLLARS 


INCREASE 
Item Regions 1904 | 1930 
$ % 
1 “New BY OTE OIGY ctote c crsicle age cia ale peclcdele, ate sia ateieie! aitelal oie: Statereteterare errterstars 5,015 | 19,717 | 14,702 | 293 
2 | Borough of aera asap Sila Richa GTA TD OE Me © wie tate Ae ene ee naaatis 3,677 | 10,102} 6,425 | 175 
Section 5 (Block 1,280): 
3 Within the Grand Central zone?.... 1... ccc ee ee ee ee ee ee wees 700| 2,427] 1,727 | 247 
4 Beyond the Grand sp ic —, Seite ie ane so opptaheloue oxcloas ohalslepeisi« 432] 1,159 727 | 168 
tral Z re 
5 ie eine en a . Pe 1 .F 4s wipe alae Se ScoME wae, Sk oO Smee ae eta 268} 1,268] 1,000 | 374 
6 Computed at the same rate of increase as Manhattan (174.7%)..| 268 735 467 |175 
if Increase attributable to the transformation..................- 0 533 533]... 
Westchester County: 
8 FA Otel oars i, ats. cole wee ae opttmacte: sual tec rbd eins Gio cise A eaters 193} 1,758] 1,565 | 813 
9 Computed at the same rate of increase as New York State as a 
WHOLE ec aie ws 9 aelerp cloy Mclomaanes coal cle Rimi reeee eae lease met oe 193 796 603 | 313 
10 Increase attributable to causes arising from the transformation. 0 962 962 


¢ Between 40th and 96th streets from the East River to Sixth Avenue as far north as 59th Street; 
then to Fifth Avenue as far north as 96th Street. % Exterior to the Grand Central zone and beyond, to 
96th Street. © Between 42d Street and 96th Street and between Madison Avenue and Lexington Avenue 
(assembled through the kindness of Harry P. Moran, Stanley Skarvan, and Frank Klopf, of the U. S. Works 
Progress Administration). 


increase in assessed values in the section of which they are a part would have 
been no greater than its remainder, namely 168%. The chances are that it 
would have been less because of the continued depressive effect on property 


facing a smoky, noisy, unsightly terminal and the open craters along Park 


Avenue from whence smoke, gas, and cinders were belched. However, on the 
more conservative assumption that, were it not for the terminal improvements, 
the situation would have corresponded to what took place in the borough as a 
whole, the increase in assessed values attributable to the transformation may 
be stated as shown by items 5, 6, and 7, Table 5. 

The result to the people of New York in enhanced assessable values because 
of the Grand Central improvements, therefore, may be taken at something in 
excess of $500,000,000 and yielding in taxes at the current rate of 2.7% more 
than $14,000,000 per annum. The incalculable indirect effect of the change on 
more distant property has also been very great. 

In a similar manner it is possible to view the situation in Westchester County 
as shown by items 8, 9, and 10, Table 5. It would seem fair to demonstrate 
in this way that in Westchester County there has been an increase in assessed 
values of nearly $1,000,000,000 in excess of what would have occurred if the 


oe 
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_ change of motive power and other railroad improvements had not been made. 
- The elimination of steam locomotive nuisances, and of grade-street crossings 


with their accompaniment of danger and delay, certainly had a pronounced 
effect on the attractiveness of the region as an abode for city workers. 

With this went a more frequent train service, the freeing of passengers from 
terror in the passage of the Park Avenue tunnel, and the convenience and pro- 
tection from the weather that has come from affording a means for circulation 
by the travelers under cover in the midst of a new civic center supplied with 
adjacent express stations of the city’s rapid-transit systems. 

If further proof of the beneficial effect of the change of motive power is 
required, it may be found in the marked difference between growths of popula- 
tion, travel, and assessed values of real estate in the commuter regions in which 
that change has come about north and east of New York City. and in the com- 
muter region west of the Hudson River where such a change had not been 
effected in 1930. 


TABLE 6.—ComPARISON OF PERCENTAGE INCREASES—COMMUNITIES 
SERVED BY STEAM TRAINS AND BY ELEctTRIC TRAINS 


Evrcrriciry> 
Item Description Steame 
Westchester County Long Island 
1 Population: 1930 over 1900......... 142 183 249 
Passengers Handled: 
2 19230) OVOP pLOd bec es. Ghegete We) ater = 69 18e1 292 
34 1930 over 1906............ 0005 eae 166 welee 
Assessed Value of Real Estate 
4 TOSOrOVer LOLLY. ose Rares eiclerd Seyiae 440 597 
5 1930 ‘over LOLA TES aaickie sees ae 161 eet! pens 


@ Percentage increases in the steam-operated region west of the Hudson River. » Percentage increases 
in the electrically operated regions north and east of New York City. 


From Table 6 it will be seen that in New Jersey and New York west of the 
Hudson River the increase in assessed valuations was only a fraction of that in 
Westchester County (161% against 440%) and the disparity is still greater 
when the comparison is made with Long Island—161% against 597%. The 
comparisons, of course, are not exact, as the earlier dates differ due to an ab- 
sence of obtainable data for corresponding years; but they are believed to be 
sufficiently accurate to warrant the drawing of general conclusions for the pur- 
pose of illustration. Unquestionably, the pronounced increase in property 
values in Westchester County is largely, if not entirely, to be ascribed to the 
impulse that had its start in the change of motive power and associated improve- 
ments. Had there been no change, it is fair to assume that the outcome would 
have been no more happy than it was on the westerly side of the Hudson River. 

Then, too, it is believed that the change of motive power and other im- 
provements in the railroad service in Westchester County was the spark that 
led to the initiation of parkways and parks in that region from which gradually 
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came forth a system of pleasure thoroughfares and recreational facilities of 
which there is none more beautiful in the United States. 

Assuming that the new Grand Central Terminal and its associated changes 
for the better were the primary cause of the phenomenal increase in assessed 
real-estate values in Westchester County, the resulting indirect benefit to the 
public at the current tax rate of 2.706% is in excess of $26,000,000 per annum. 


Résumé AND CONCLUSION 


The Project in Perspective——In this paper the attempt has been made to 
portray a scene in which the parent reasons for doing things, woven on a back- 
ground of early history, would invest the rounded image with proportions which, 
seen from a distance, may not be distorted. 

In the mind of Commodore Vanderbilt was born the idea of a new terminal 
on a 40-yr-old ramshackle entrance line in New York City, to which was to be 
brought the traffic of a great system of railroads under his control. Given life 
by him, the resulting Grand Central Depot, with its approaches, continued to 
function through three succeeding epochs of reconstruction and enlargement, 
until after twenty-eight years, in 1899, the use of steam locomotives in and 
approaching it had become insufferable and its design and capacity had become 
unsuited for the demands that had come upon it; sixty-eight years had now 
elapsed since the owning company had made its first bow as a horse railroad 
in 1831. 

The inescapable substitution of electricity for steam as a motive power 
(experimental though it was for trunk-line service), combined with the idea, 
born in 1902, that revenue plucked from the air might be used to finance its 
tremendous cost, had its fruit in the inception of a new Grand Central Ter- 
minal with the electric service extended to the limits of the suburban zone. 
Following this step came ten years spent in development of plans, the construc- 
tion of the project, and the opening of the transformed terminal to public use 
on February 2, 1913. 

Thenceforth the project was rounded out and blessings reaped which have 
their evidence in the multiplied travel and revenues enjoyed by the New York 
Central and New York, New Haven ‘and Hartford systems; in the replacement 
of slums in the heart of the City of New York by a remarkable civic center; and 
the giving of an impulse to the development of Westchester County, which, in 
the form of taxes, is bringing some $40,000,000 per annum to the public purse. — 

The Future.—Attention has been directed to the trebling of the number of — 
passengers handled in the terminal since 1906, and to its capacity which like- 
wise has been more than trebled. It would seem, therefore, that the time is 
not far distant when, as was done forty years ago (1899), thought must be given 
to the taking of measures for handling a further increase of traffic and for 
satisfying public demands. What may have been done in this direction the 
writer is unaware. The installation of a satellite terminal at or near the Mott 
Haven yard in the Bronx would seem to be worthy of consideration as one way 
out; other suggestions are the provision of enlarged facilities in the Grand 
Central zone in connection with a new crosstown link to the Hudson Division 
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main line on the West Side, as was proposed by the writer during the formative 
period, or a new tunnel beneath the present viaduct and tunnel in Park Avenue, 
or in part beneath adjoining thoroughfares as has been suggested by the Re- 
gional Plan Association of which H. M. Lewis, M. Am. Soe. C. E., is chief 
engineer and secretary. It is to be hoped that a possible solution for this 
problem may have public discussion without waiting for the pressure of events 
such as made the railroad companies’ lot so painful in the closing years of the 
nineteenth century. 
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EARTHQUAKE STRESSES IN THE SAN 
FRANCISCO-OAKLAND BAY BRIDGE 


By NORMAN C. RAAB,? M. AM. Soc. C. E., AND HowarpD C. Woop,? 
Assoc=;M: Am. ‘Socs G.-E: 


SYNOPSIS 


The combination of deep piers and long spans, of various types and degrees 
of rigidity, in the San Francisco-Oakland Bay Bridge, resulted in unusual 
problems in the calculation of earthquake stresses. This paper describes the 
assumptions which were made, typical examples of stress analysis, and the 
provisions incorporated to resist seismic forces. It was found that an accelera- 
tion equivalent to 10% of gravity produced stresses in the superstructure of 
the same order as those arising from the assumed wind loads. In general, very 
little additional material was required to resist earthquake forces. In the 
following, use has been made of data, including vibration measurements on the 
structure, not available at the time of the actual design. To such extent, this 
paper may be considered a review of the design. 


DESCRIPTION OF BRIDGE 


The bridge, with its approaches, extends from San Francisco, Calif., to 
Oakland, Calif., a distance of 83 miles. It is naturally divided into the San 
Francisco Section, the West Bay Crossing, the Island Crossing, the East Bay 
Crossing, and the East Bay Approaches. The structures on the approaches 
and on the Island were such as to permit usual methods of seismic analysis and 
will receive no further comment herein. 

The West Bay Crossing extends from the San Francisco Anchorage to Yerba 
Buena Island (see Fig. 1(a)) in San Francisco Bay. It consists of a twin 
suspension structure with a common central anchorage. The center spans are 
each 2,310 ft, and the side spans are each 1,160 ft in length. To secure better 
foundations, the San Francisco Anchorage was located 863 ft from the end of 
the suspended structure. This resulted in a comparatively long backstay 
cable which makes the west half of the suspension structure somewhat more 


Norz.—Written comments are inyited for immediate publication; to insure publication the last dis- 
cussion should be submitted by February 15, 1941. 

1 Senior Bridge Engr., State Dept. of Public Works, Sacramento, Calif. 

8 Senior Bridge Engr., State Dept. of Public Works, Sacramento, Calif. 
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flexible than the east half. The piers range in depth from 100 to 240 ft. At 
Pier 6, the mud line is 105 ft below low water. The strata through which the 
piers extend consist of about 20 ft of comparatively soft silt, underlain by con- 
solidated clays and sands. All piers are founded on rock (Franciscan sand- 


stone). 
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Fic. 1.—Puan anp Exvsvarioi 


The East Bay Crossing (Fig. 1(b)) extends from the Island to the Oakland 
shoreline. It consists of four 288-ft spans, a cantilever structure with a 1,400-ft 
center span, and two 508-ft anchor arms, five 504-ft and fourteen 288-ft spans. 

To provide anchorage against longitudinal forces, the structure is anchored 
at piers YB-1, E-1, E-9, and E-17, with provision for expansion at piers YB-3, 
E-4, and E-11. At Pier E-4, provision is made for the expansion, arising from 
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temperature and stress, of nearly a mile of bridge. East of the Island, the rock 
slopes off very sharply. 
extends to a sand and gravel stratum at El. —240, and piers E-4 and E-5 are 
founded on similar strata at El. -170. The remaining piers were supported 


Pier E-2 is founded on rock at El. —40. Pier E-3 


on piles although their bases were extended to comparatively solid sand strata. 
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GEOLOGY 


San Francisco Bay lies on the surface of a long fault block or strip of the 


earth’s crust trending roughly northwest and southeast (see Fig. 2). The 
block is bounded on the east by the Hayward fault, a nearly vertical fracture 
located along the west base of the Berkeley Hills and hence along the eastern 
margin of such East Bay cities as Berkeley and Oakland, Calif. Along the 


1450 EARTHQUAKE STRESSES 
west side of the block is the San Andreas fault, likewise a vertical break in the 
crust, and lying a few miles offshore from the mouth of the Golden Gate. The 
block is hence about 20 miles wide, its length is many times its width, and its 
depth is not less than 25 or 30 miles. The Bay only occupies a fraction of its 
width, the cities of San Francisco and 

a Oakland resting upon unsubmerged parts 

igs Ds eit 


of it. The bridge is located roughly one 
third of the distance from its eastern to 
its western side; the cantilever span is 
about 7 miles, and the suspension spans 
about 9 miles distant from the Hayward 
fault, and they are respectively about 12 
and 10 miles from the San Andreas fault. 

Besides the San Andreas and Hayward 
faults bounding the block, many faults of 
less importance are known to traverse the 
interior of the block. The San Andreas 
and Hayward faults are known to be 
active, as evidenced by both strong earth- 
quakes and numerous minor shocks which have occurred on them from time 
to time, and by characteristic fault topography developed along them by 
the successive movements in past centuries. The numerous minor fractures 
within the block exhibit no such topographic testimony of activity, nor are 
earthquake epicenters located on them instrumentally from time to time; 
hence, they are regarded by geologists as inactive or dead faults. Neither 
earthquakes nor relative dislocation of the ground on the two sides of these 
internal faults need be feared. 
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EARTHQUAKE ForRcES AND EFFECTS 


The designers of the bridge reviewed the available data as to earthquake 
force and damage and formed the following opinions: 


1. Material damage during earthquakes has been confined to structures of 
poor workmanship or to structures whose elements of greatest rigidity were not 
designed to transfer horizontal forces. Conversely, well-built structures, even 
if no definite allowance for seismic forces has been made in their design, have 
survived the most severe California earthquakes with no structural damage. 

2. Japanese earthquakes appear to be of greater intensity than those in 
California; however, in Japan, structures designed for a horizontal acceleration 
of 10% of gravity have survived the heaviest earthquakes with no material 
structural damage. It appears safe to assume a smaller acceleration in design- 
ing against California earthquakes. 

3. The maximum ground accelerations in Japan probably reach at least 
50% and in California at least 25% of gravity. 

4, It appears evident, therefore, that there must be some relieving factors 
not usually considered in a seismic design. These factors probably involve the 
mass and elasticity of the structure, its supports, and the period of the earth- 
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quake. It is a matter of observation that of two geometrically similar solids, 
the smaller is-more likely to be overturned during an earthquake. 

5. Although the ground motions during the violent phase of an earthquake 
are probably never truly harmonic, they may approach this condition for a 
limited number of vibrations. 

6. The best information as to earthquake periods seems to be as follows: 


(a) From the information now available, there is no conclusive evidence as 
to the existence of dominant ground periods, although certain periods may stand 
out more prominently than others. 

(6) For the same character of ground, the shorter periods are damped out 
the more rapidly with increase in distance from the epicenter; hence, with in- 
creasing epicentral distances, the longer periods tend to prevail. 

(c) In general, at equal epicentral distances, periods in alluvial soil are 
longer than in rock. 

(d) At this particular location, considering the distance from the bridge to 
the San Andreas and Hayward faults and the fact that the piers are founded 
on rock or other solid strata, it appears probable that the period during the 
most violent phase of a strong earthquake would not exceed 0.7 sec. 

(e) During the end phase of heavy shocks, almost pure simple harmonic 
motion, with a period of from 6 to 8 sec, may be expected at great distances from 
the epicenter. However, the information now available records no structural 
damage during such periods. 


7. The evidence as to resonance and the dangers thereof is very conflicting. 
If resonance builds up to the extent assumed by some writers, the damage, 
during even a moderate earthquake, would be much greater than has been the 
experience. A possible explanation is that: 


(a) A minor change in period such as may result from elastic yielding of 
foundations may be sufficient to destroy resonance. 
(b) Close synchronism between the natural period of the structure and the 
perio of forced vibration is required to establish resonance, especially in the 
igher modes. 


8. In any vibratory motion, the maximum acceleration at any point exists 
only for aninstant. In an elastic structure with a large percentage of its mass 
a considerable distance from the point of application of the earthquake motions, 
there will be a time lag before all parts of the structure are accelerated. There- 
fore, the maximum acceleration will not occur simultaneously in all parts of the 
structure. 

9. Assuming resonant or near-resonant conditions, more or less damping is 
certain. There are no data sufficient to permit calculations of this effect. 


Design ASSUMPTIONS 


Before proceeding with any calculations of stress, it was necessary to assume 
an hypothetical earthquake and the nature and intensity of the forces to which 
the structure would be subjected by such an earthquake and, also, in so far as 
possible, to analyze the resulting stresses. In many cases, the system is so 
complicated that a quantitative solution cannot be reached. For these cases, 
an attempt was made to assume forces higher than those that are believed 
probable. 
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Hypothetical Earthquake-—The earthquake forces were assumed as those 
resulting from a ground motion with a horizontal acceleration of 10% of 
gravity, a period of 1.5 sec, with a corresponding amplitude of 2.2 in. This 
is a longer period than is probable. It was chosen because, with other assump- 
tions used in the design, it generally produced higher stresses than the same 
acceleration with a shorter period. However, the possibility of resonance at 
other periods was investigated. 

Effect of Surrounding Water and Silt.—As the pier is moved by the rock on 
which it rests, the pier in turn displaces the surrounding water and, possibly, 
part of the surrounding silt. 

For the analysis of these effects, studies were made of the paper by H. M. 
Westergaard, M. Am. Soc. C. E., on “Water Pressures on Dams During Earth- 
quakes,’’’ and of the discussions of this paper. On the basis of the concept of 
“apparent mass,’”’ the equation in the discussion by Theodor von Kérmén, 
M. Am. Soc. C. E., was used to determine the horizontal dimension of this 
mass. It was assumed that the boundary of the apparent mass was not affected 
below the mud line by the different specific weight encountered there. Equa- 
tions for unit pressures due to earthquake were then developed, together with 
expressions for the shears and moments resulting therefrom. In the case of a 
bridge pier, the water has two paths of escape; vertically (which is the only 
possible one in the case of a dam), and around the ends. The dam analogy 
is very severe, since the actual movements would be a combination of the two 


paths. Because water is present — 


on both sides of the pier, the 
acting forces were doubled; that 
is, “apparent masses” were as- 
sumed to exist simultaneously 
on opposite faces of the pier. 

In locations, such as tidal 
flats, there is evidence that 
during earthquakes the surface 
mud behaves as a viscous liquid 
and does not move as a unit 
; with the underlying strata; that 

is, a slippage plane exists. The 

thickness of this moving mud is 
by! unknown, but considerations 
based on friction indicate that 
it is not great. The friction 
resulting from the weight of 60 
ft of water above the mud may 
preclude the existence of a slip- 
page plane. However, assuming 
such a plane, it is difficult to evaluate the force required to displace this mud. 
To be conservative, a slippage plane was assumed to exist at the top of the 
firm clays and sands, giving a moving mud layer in the general order of 20 ft. 

3 Transactions, Am. Soc. C. E., Vol. 98 (1933), p. 418. 
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Plane of Slippage 


‘< Consolidated Earth 
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For purposes of stress analysis, it was assumed that this material acted as a 
liquid with a specific weight of 100 Ib per cu ft and, further, that it might be 
acting in a phase 180° from the movement of the pier. Here again the forces 
were doubled, since mud is present on both sides of the pier. The forces 
acting on one face of a pier are indicated by Fig. 3. Let h = depth from water 
surface to plane of slippage; b = horizontal dimension of ‘“‘apparent mass” at 
distance ‘‘y’’ above the plane of slippage. Then 


b = 0.7 (2 — y?) 0-5 


Let p = unit pressure caused by earthquake, if the pier were surrounded to 
a depth h by water only; p’ = additional unit pressure below the mud line; 
w = weight per unit volume of water; w’ = weight per unit volume of silt; 
a = acceleration of the pier relative to that of the water (that is, the assumed 
earthquake acceleration); a’ = acceleration of the pier relative to that of the 


mud or silt; a = 7 and a! = 7 
The unit pressure on one face of the pier above the mud line becomes 
Dp =a b = 0.7 aw. (RP = 7)9 Fi. ne ds eee (2) 


Between the mud line and the plane of slippage, the unit pressure is 


Dike et OID alii teas ol ine on oni hs See (3) 
From Kas. 2 and 3, 
RPE ICL CMOS Om PePe OID he Salk ctpleyay reg. bbs A a (4) 
A Sasa Mg OR ae (5) 
p aw 
and 
p=kp=O0.7 awk (i — y*). (6) 
At the plane of slippage, where y = 0, 
De Oe QW lion re pea ae Oe: oats pte Ce Te (7) 
and 
G6 ee UO MERE WO ince aaa hcg hope eto eae (8) 


As stated, due to the presence of water on both faces of the pier, the total 
load per unit area was taken as equal to twice the pressures expressed by Eqs. 
7 and 8. On this basis, the total shear resulting from the load p on two 
opposite faces of the pier is 


h h 
V=2 f pdy=14aw if ae TDN EAT Ee arian Ce ae (9) 
y ¥ 


When y = 0, Eq. 9 becomes 


Similarly, the shear resulting from p’ is 


B B 
y’ = 2 f pdy=14ka w f er POO ay Pe se, eee Gi) 
v y 


| 


7 
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in which B = depth of mud above the plane of slippage. When y = 0, Eq. 
11 becomes 


Bilbads. 
Vo = 0.7 kaw | 2 (2? — B25 +h sin | + tei eee (12) 
The total shear at any elevation is 
Vil = Vue ao ev dhin ctl re tean ie eee (13) 
The moment resulting from p is 
h h 
m= 2 [ pydy= thaw f (h2. — 9/*)9-5 97 day ssasdhe rales (14) 
y y 
When y = 0, Eq. 14 becomes 
Mo = D4 CR WRF > cae ert sn See eee (15) 
The moment resulting from p’ is 
B B 
uma fi rydy =14kaw f (i? — 977)9-8 yf dap a one (16) 
y v 
When y = 0, Eq. 16 becomes 
M- = 0.47k aw [he (ht = BS aeic.. tee 
The total moment is 
AM yt a UA MS 0a rh ea hrs ten ee re (18) 


Assuming no support from the consolidated earth (Fig. 3), the shear at 
any distance Z below the plane of slippage is 


Viz. Vo Vo 6.5 +.2. son a adele sccm (19) 
The moment at the same point is 
Mz= Mo+ MM) +2Z(Vot+ V0’) éUy Ulead $6.5 vege shel enaite (20) 


EARTHQUAKE FORCES IN THE WeEstT Bay SUPERSTRUCTURE 


A general consideration of the action of the suspension bridge (Fig. 1(a)) 
is a necessary preface to the stress analysis. The San Francisco Anchorage is 
a massive concrete block and may be considered an upward extension of the 
rock. The rock mass of Yerba Buena Island forms the eastern anchorage, — 
the cables being connected to grillages set in tunnels and securely held by the 
complete backfilling of the tunnels with concrete. The Central Anchorage is 
also massive but must be analyzed as a vertical cantilever 450 ft high. In the 
longitudinal direction, the towers are flexible columns and depend, to a large 
extent, on the cables acting as guys. In the transverse direction, they are 
comparatively stiff braced bents. The cables must be considered as trans- 
mitting heavy forces but as having small mass. Compared with their dimen- 
sions, the stiffening trusses are very flexible. At the towers and anchorages — 
they are held in a transverse direction only. The floor system and the concrete — 
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floor slabs have expansion joints at 120-ft intervals. For small movements, 
the friction at these joints is probably such that the floor system participates 
in chord deformations. With heavy chord stresses and consequent larger 
deformations, the friction would be broken. In both horizontal and vertical 
directions, the trusses are partly fixed at the towers by the friction of the 
expansion joints. 

An idea of the flexibility of the system may be gained by the movement 
under the loading conditions assumed for the design. The center of the longer 
spans has a calculated range of vertical motion of 25 ft; the top of Tower 2, a 
horizontal motion of 6.5 ft. With a wind of 90 miles per hr, the calculated 
horizontal deflections of the center spans are 9.5 ft. The stresses, especially 
in the suspended structure, are controlled by these distortions. Compared 
with the deflections previously given, the amplitudes of any earthquake motion 
are very small and suggest that the resulting earthquake stresses would be 
rather small as compared to the other forces. 

Earthquake Forces Transmitted to Anchorages through Cables—As the an- 
chorages are accelerated in a longitudinal direction, they, in turn, accelerate 
the attached cables and cause accelerations in the various elements suspended 
from the cables. The problem is to find the additional forces set up in the 
cables by reason of these accelerations. Because of the complexity of the sus- 
pension structure and the different periods of each of its masses, it was idealized 
as shown in Fig. 4(b). The earthquake effect was obtained by increasing the 


cable pull F by the coefficient 3 = a = 0.10 (see Fig. 4(a)). 


F Spring. 
F (1+¢) 
(TED Dee 
Abutment t Y Abutment 
Ww W Ww 
Cable Pull Cable Pull 
(a) (b) (c) 


Fic. 4.—LonGITuDINAL CaBLE PULL 


s 


As a second approach, the weight of the various spans may be replaced by 
equivalent weights at the centers of the three spans (Fig. 4(b)) and the incre- 
ment of cable stress calculated when the anchorage has an acceleration of ag, 
no allowance being made for the elongation of the cable. A calculation on this 
basis results in the change of stress in the cable of 0.7 a F. 

It is evident that the entire suspension system has many of the character- 
istics of a spring. The natural period (unloaded bridge) has been found by 
measurement to be 6.2 sec. The corresponding period for the fully loaded 
bridge would be 7.3 sec. The spring constant, or the additional cable stress 
for a 1-in. movement of the anchorage, is 35,000 lb for the two cables. Sub- 
stituting in the spring equation, it is found that as far as dynamic action on the 
cables is concerned, the conditions may be replaced by the construction shown 
by Fig. 4(c), with the maximum earthquake force on the anchorage of 0.0265 F. 
It may be noted that, in any event, the different periods of the center and side 
span stiffening trusses would prevent resonance. It may be noted that in- 


a 
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creasing F by a F would have no material effect on either of the end anchorages. 
The center anchorage was designed on the basis (at high unit stresses) of one 
of the twin bridges being completely removed. 

Earthquake Stresses in Towers.—In the transverse direction, the towers are 
subjected, during an earthquake, to stresses arising from the inertia of the 
suspended structure, of the cables, and of the towers themselves. The sus- 
pended spans are free to move longitudinally so that, except for the friction of 
the roadway expansion joints and of the suspended span bearings, there are no 
longitudinal forces at the floor level. 

The natural periods of transverse vibration of the stiffening trusses were 
calculated for various assumptions of loading and end conditions as shown in 
Table 1. For pinned ends, the fundamental period is 


3) TL? w 0.5 
Ty = EE Cues eee ee eee ee en er he ear (21) 


in which L = span length of stiffening truss, w = weight per foot of bridge, 
E = modulus of elasticity, J = moment of inertia of stiffening truss, and 
g = acceleration of gravity. For example, for assumption 2, 7, = 3.35 


xX 10° X 0.000 000 464 = 15.5 sec. The first two harmonics are: 7’, = 2 


= 3.9 sec; and, T3; = # = 1.7 sec. 


The periods in Table 1 are calculated on the basis that the suspenders are 
flexible and have no effect on the transverse vibrations. This is true only for 
small amplitudes; should the amplitudes build up to the amount necessary to 
cause large reactions at the towers, the suspenders and cables will act as flexible 
supports in the transverse direction, and change the period. 


TABLE 1.—Comrutrep PrErRiIops oF VIBRATION 


PERIOD, IN SECONDS 


’ A Loading End Floor 
Assumption condition condition participation ad 
Center span , Side spans 
1 Loaded Pinned | ~ No 18.5 4.9 
2. Unloaded Pinned No 15.5 4.1 
3 Unloaded Pinned Yes 14.0 3.7 
4 Unloaded Fixed No 6.8 1.8 
5 Unloaded Fixed Yes 6.1 1.6 


The periods of the center spans were measured under unloaded conditions — 
and found to be approximately 9.0 sec. The corresponding amplitudes were 
very small, a maximum of 0.2 in. Probably, under these conditions, there 
would be no movements of the intermediate expansion joints, and the friction 
at the towers would be sufficient to approach the fixed-end condition. With 
amplitudes sufficient to cause considerable chord stresses, the movement of the 
floor expansion joints would reduce the floor participation, the friction at the 
towers would not be sufficient to maintain the fixed-end condition, and the 


periods would approach those of assumptions 1 or 2, Table 1, depending upon 
the loading on the bridge. 
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The end reactions for condition 1, Table 1, for various periods of forced 
vibration are shown by Fig. 5, which shows that the fundamental periods of 
both center and side spans are considerably greater than those at which earth- 
quake damage may be anticipated. The values of the reaction used in the 
oA and, also (for purpose of comparison), the wind reaction, are shown in 

ig. 6. 
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Fie. 5.—Enp Spars RESULTING FROM THE INERTIA OF A SUSPENDED STRUCTURE SUBJECTED TO FORCED 
Visrations at Irs Enp Supports, wirHh AMPLITUDES AND PERIODS 
CorREsPoNDING TO 10% or GRAviTy 


The Appendix, under “Transverse Vibrations,” shows the derivation of 
equations for moments and shears in the stiffening trusses. Completing the 
differentiation of Eq. 396 in the Appendix 


the equation for end shear is 


2 3 to 1—cosmL Nie 1 — cosh mL 
uN Brn | ( sin m L ) ( Simla gods Sy ip (ey 


in which uw = amplitude of forced vibration. For example: When the forced 
period 7’ = 2.5 sec, L = 2,294.25 ft; and m = 3.41 (10)7%; then, m L = 7.823 
and uo = 0.509 ft for a = 0.10. The end shear obtained by Eq. 23 would be 
421,000 lb. 

The cables are flexible. Until resonance is partly established it appears 
that, if a horizontal motion were imparted to them through the towers, the 
only inertia effect would be that imparted to a relatively small length of cable 
near the towers. Considering resonance and assuming small amplitudes, the 
theory of a tight string was applied, the actual tension in the cable and only 
the weight of the cable itself being considered. Under this assumption, the 
calculated natural fundamental periods for the bridge, loaded, are 5.9 and 3.1 
sec for the center and side spans, respectively. It is also possible for the cable 
to swing as a compound pendulum; but the period, in the order of 15 sec for 
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the center span, is entirely outside the range of damaging earthquake periods. 
Should the amplitudes reach any considerable amounts, the lateral resistance 
and mass of the suspended structure come into play, causing a change of periods. 

To determine the properties of the main span cable considered as a com- 
pound pendulum, the following equations were applied: For center of gravity, 


f 


assuming the cable curve to be a catenary, y = 3 (ef 4 e-t/f), 
nat dae ately LO mE 
oh 5 Sah toy 254 sinh 53 A he le Be rp (24) 


in which s = length of cable between supports, and the other quantities are 


LE 


| y Cable Supports 


Fie. 7 


as indicated by Fig. 7. For radius of gyration, r, about the axis through the 
cable supports, 


3 
sr? ea: | 3sinh 37 


2 f 2f 


; ay + Bsinh y5] —Pasinh F — Lfa+ 2f sinh 35, 25) 


0.5 
For this particular structure h, = 150.3 ft and the period T = 2 7 Gu 


2 
= 15.0 sec in which C = . . This period checked the measured value as ob- 
9 


tained by the seismometers. 

Assuming resonance, the transverse reactions of the cables for forced vibra- 
tions of different periods are plotted on Fig. 8. From these curves, a horizontal 
reaction of 300 kips was chosen. Equations for the computation of these 
forees are shown in the Appendix under the heading ‘‘Flexible Vibrating String.” 

To the stresses in the tower resulting from the suspended span and cable 
reactions, those from transverse forces equal to 10% of the weight of the tower 
were added, giving the total tower stresses from an earthquake in the transverse 
direction. 

In a longitudinal direction, except for a negligible amount of friction at 
the roadway level, the only additional forces acting on the tower during an 
earthquake are those arising from the inertia of the tower itself and such 
changes as there may be in the unbalanced horizontal component of the cables. 
Fig. 6(f) shows the deflected position of the tower under the most severe 
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assumption of live load and temperature. The tower tops are held in position 
by the cables acting as guys. Compared to the other forces, the force required 
to deflect the towers is very small. 

In a longitudinal earthquake, one may assume that the base of the tower is 
moved and that the top of the tower remains practically fixed in space. The 


Side Span 
— 200 of 
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Fic. 8.—TRANSVERSE CABLE REACTIONS RESULTING FROM INERTIA OF A CABLE SUBJECTED TO ForcED 
VIBRATIONS AT THE TOWER TOPS, WITH AMPLITUDE AND PERIODS 
CORRESPONDING TO 10% or GRavitTy 


earthquake forces on the various elements of the tower (see Fig. 6(e)) are 
assumed as proportional to their respective amplitudes. 

The value of the displacement A and all forces except H can be determined 
by the ‘Modified Dana Method’’! and H can be found by the following equa- 
tions: For a horizontal force at the end of a cantilever, the equation for the 
deflection is: 


L , 
SS Me H y? dy 
= x ~ 7 (26) 
for a vertical force: 
L 
Myd dy) y dy 
Na areas) 
y = i ia = 5 tee (27) 


and, for a moment: 


Md LM (y — e) dy 
Sy a ai poe. +a yeaa ee ee 


L 
ie 
In Kgs. 26, 27, and 28: A = horizontal displacement of top of tower; y = ver- 
tical distance for top of tower; 6, = horizontal displacement at distance y 
from top of tower; V = vertical dads M = moment; and e = vertical distance 
from top of iawer to a point where mnonient load is applied: From these three 
fundamental equations the various forces due to wind, loading, earthquake, 


4**Tests on Structural Se rad a Proposed San Francisco-Oakland Suspension Bridge,’’ b 
Beggs, Raymond E. Davis, M ne: On -, and Harmer E. Davis, ies ad 1. Am. reid C.E ¥ George | = 
tions in Engineering, Univ. of Catone, VoL 3, p. 151. 
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ete., were obtained. The displacements for this particular structure are shown 
in Fig. 6. Each value of Aw in Fig. 6(e) was assumed proportional to its 
respective amplitude. 


East Bay Crossine 


The principal structures in the East Bay Crossing consist of the cantilever 
structure and the five 508-ft spans which have a common junction at Pier B-4 
each system being anchored in a longitudinal direction at Pier E-1 and Pier E-9, 
respectively. Consideration may be given to the conditions before resonance 
is established, stresses during resonance, and the factors inherent in the con- 
struction to destroy resonance. 

The natural longitudinal period of the unloaded cantilever structure has 
been determined by measurement as approximately 1.5 sec. With the bridge 
fully loaded, this period would be increased to about 1.8 sec. This has been 
interpreted as indicating that if an impulse were applied at Pier E-1, it would 
travel across the span and reach Pier E-4 in 0.9 sec. Therefore, with a period 
1.8 sec, and with a condition of no acceleration at either end, the maximum 
acceleration would occur at the center of the span. The assumption has been 
made, therefore, that for the west anchor arm, an average acceleration of 


DATE : 
= times 10% could be used instead of 10% on the entire structure. The 


resulting forces are assumed to be statically applied. By this assumption, 
the maximum horizontal force applied to Pier E-1 from the inertia forces of 
the cantilever structure, including live load, is 5,000,000 lb. The similar 
assumptions for the longitudinal stresses in the 508-ft spans are shown in 
Fig. 6(d). 


+10000 


3 


— 5000 


Longitudinal Reaction at Pier E-1 (Kip 


— 10000 


— 15000 
0.1 0.2 0.5 1 2 5 10 20 50 100 
Period, T (Seconds) 


Fic. 9.—Reactions at Pier E-1 ResvutTinc FROM THE INERTIA OF THE CANTILEVER STRUCTURE 
Supsecrep To Forcep LONGITUDINAL VIBRATIONS AT THAT PIER, WITH AMPLITUDES 
AND PrRtops CORRESPONDING TO 10% or GRaviTy 


_ The horizontal forces from the cantilever, acting on Pier E-1 in the case 
of continued forced harmonic vibrations with no allowance for damping, are 
shown in Fig. 9. Equations for the calculation of these forces are shown in 
the Appendix, under the heading “Longitudinal Vibrations.” 
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In the transverse direction, the design was made on the basis of a hori- 
zontal static force of 10% gravity. With the elasticity of the structures, 
especially the cantilever, some reduction could have been safely made. The 
measured natural period of this structure (unloaded) is 3.44 sec. Under load, 
it would be increased to about 3.9 sec. 

The following are among the reasons that make resonance improbable: 


(1) The natural periods of the structure (fundamental mode) are con- 
siderably in excess of those of the probable ground motions; and 

(2) The floor expansion joints will have an action and effect similar to the 
foregoing in the case of the suspension structure. 


Effect of Earthquake Stresses on Design.—Although the earthquake stresses 
in the various parts of the bridge when calculated in accordance with the fore- 
going assumptions are of considerable magnitude, they had a comparatively 
small effect on the proportions of the bridge. Generally, the maximum founda- 
tion pressures occur when seismic forces are considered. On the other hand, 
the piers are no larger than would ordinarily be used considering the size of the 
superstructure. The ratio of the exposed area to the mass of the superstructure 
is such that the horizontal forces from wind are of the same order as those from 
the earthquake assumptions. For these reasons, the increased cost arising 
from provision for a 10% seismic coefficient was very small, probably less 
than 5%. 

Vibration Periods of Bridge.—In the foregoing, reference has been made to 
the measured vibration periods of the bridge. These measurements were 
made by engineers of the U. S. Coast and Geodetic Survey and the results 
published by the Seismological Society of America.’ 
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APPENDIX 


THEORY 
The derivations of some of the formulas that have been used in calculating 
the effects of forced harmonic vibrations on certain parts of the bridge are 


2 
5 “‘Observed Vibration of Bridges,” by D: F i i ] i i 
Vol.27, Nov 4. Ogtover 1097, ridges," by Dean §. Carder, Bulletin of the Seismological Society of America, 
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given herein. In these derivations, ideal cases only have been considered ; 
that is, the bridge structure has been assumed to be of such dimensions that 
it can be considered as having the characteristics of a thin rod, and the cable 
(for transverse vibrations) has been assumed as a flexible vibrating string. 
Transverse distortions in longitudinal vibrations, variations in areas and 
moments of inertia, some of the effects of the addition of inert masses to the 
bars, and similar other factors that will affect numerical values, have not been 
considered. The effect of damping has been omitted entirely. For these 
reasons, the numerical results obtained for any particular period of forced 
vibration may be considerably in error. However, if calculations are made 
for a series of different periods, the general characteristics of the induced 
stresses thus determined can be used as one of the guides in the selection of 
_ design stresses. 


TRANSVERSE VIBRATIONS 


The differential equation for the transverse vibrations of thin uniform 
rods is: 


Ort re fg dP &.- 
in which: w, = weight per unit length of rod; HE = modulus of elastieity; 


I = moment of inertia of the rod; and ¢ = time. To solve this equation, 
assume y = u cos pt in which amplitude wu is a function of x only. Then 


2 
a See PeACOSAD Enactarsree ieee RN eee oO (30a) 
and 
4, 4 
ct = 5,4 008 TOR ENE alters ANIM he ME (305) 
Substituting these values in Eq. 29, 
Ohhh ADs wi) 
— — = OR Te ie os: 
dnt Elg Oviors (31a) 
pre mA; th 
Let Big 7 ms then 
la ean ib 31h 
ee ih a ee SS te Mee uae es a (310) 
A solution of Eq. 316 is: 
u=Acosmz+Bsinmzx+Hcoshmx+Ksinhmz...... (32) 


Natural Period of Vibration of a Rod Pinned at Both Ends.—The end con- 
: 0% 
ditions are: At s =0 and at x = L, y = 0 (no deflection), and aes =0 


(moment = 0). Therefore, u = 0 and a = 0, when a = Oandw = J, 
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Applying the foregoing conditions at = 0 gives A = H = 0. Applying 
the same conditions at « = L gives: 


0 A cos m Lb + Bein mL +H eosh mL -+ Ro sinha) Lee 


and ; 
0 = —AcosmL — BsinmL + HceoshmL+ K sinh mL. . . (336) 


Since A = H = 0, the addition and subtraction of these two equations 
give, respectively, 
OK sink mids = 002). te oko apc ee ee (34a) 


and 
OB sit mE 0 Ea ah Ane. «te te coe ee 


Since sinh m L cannot be zero, K must be zero. If B = 0, y is always 
zero and the rod is at rest. Therefore sin mL must be zero. This gives: 
T Tere Daae 


= see ° = —' Aes ie ~ 
mL = 7 or27 or 37 ete. orna;m 7,3 and m Lik deg There 
fore, for the fundamental mode of vibration, 
7? 
p= Tees (35) 
i ( be 
Elg 
For higher modes when m = , , 
Prat 
Pn = ( ee i se eve gull h/eetak aia eee (36) 
Elg 
The natural period of vibration is 
Dar 2 Tet 2 welt? 
TT =.= > 
= 2 walt dicetes Sede a a (37) 


Rod Subjected to Simple Harmonic Motion in a Transverse Direction at Each 
End.—Assume harmonic motions of both ends to be in phase. The end condi- 


2 2 

tions are: At zx = 0 and at « = L, y = wecospt, and a = 0. Therefore, 
@ 

u = up and = 0, when x ='O'and 7 =i, 


From these end conditions it is found that 


wu 
Ase 2 ea ed | a (38a) 
_ Uo (1 — cosh m L) 
apa ang 0 ee 
and 
_ Uo (1 — cos m L) 
BS Ra ee BoM chev eevee. Steen a eee (38c) 


\ 
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When the constants in Eqs. 38 are known, moments and shears can be 
calculated by means of the following relationships: 


and 


Rod Subjected to Simple Harmonic Motion in a Transverse Direction at Each 
End.—Assume harmonic motions at the ends to be 180° out of phase with each 
other. Then the end conditions will be (when x =0, y = uwcos pt, or 


i= Uo) oY 0, 0 rt - = 0. Whenz = L,y = uw cos (pt +7) oru = — uo, 
O?y du 
and = z= 0,0r55 = 0. 


From these end conditions it is found that: 


a == Pid On te By oo pie (40a) 
ote | 1. cosh nL 
k= Sy (Liem ed | Ce Os ah ietiy- ele hie euros Wien e ke (405) 
and 
Uo a 
ee fe Ne eiawintens os oto owe 4 
B a ae § Bo (40c) 


LONGITUDINAL VIBRATIONS 
Let u = longitudinal displacement at any point along the rod; x = distance 
along the rod; ?r — mass of rod per unit volume; and EZ = modulus of elas- 
g 


2 w, 0? 
ee fie eee md a 


dat ono 
07u, 02u 
in which 
pcg RED aga oa hy (42) 


Assume u = £sin pt where is a function of x only and p is a constant. 
Then 
Vee Setar pt. g«0. So ants. pens aaa) 
0 


and 
aero Le Oe an eee eee ae oe 1 
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: GE. 
Therefore, — p? {sin pt = c? te sin pt; or 


dé p? 
sry EB ie a conte nm een tag (44) 
and 
i Chee Ge. arene es eee (45a) 
t= Creos et 4+ Chisine + Crcos =~ — Crisin’~.. ie (4enm 
c c c c 
t= A cos?* + Bsin®* Late ee ee ee (45c) 
in which, to simplify typography, g = : ; as 


Natural Periods of Vibration for Rod Fixed at One End and Free at the 
Other —The end conditions are: Where x = 0, u = 0 = &, and where z = L, 


Be =) |() ae Furthermore, 0 = A (from x = 0 and u = 0) = be 9. 
Ox dx : c c 
(trom x = Pade = 0). 
Ox 
L 
If B = 0, there is no motion; therefore cos ie = 0 and ety 5 , or “2 Or 
= etc. = a m, in which n is an integer. Also, 
i Gn lyre 
Ess SE (46) 
The natural period 7, = a2 ; and, for the fundamental period, 
Pie ei EM tou SO el Ae (47) 
TC c 


Rod Subjected to Harmonic Motion in a Longitudinal Direction at One End 
(Other End Free) —Let wo = half amplitude of forced harmonic motion at 
x = 0 (that is, wo is the maximum displacement). The end conditions are: 
When x = 0, & = wand A = uw. At the free end (z = L), there is no stress. 


Therefore, = = 0, so that 
dat (r= 1) 
dé Ap. p& DP eap 
et ee aire warm. Lape ER eee PCr, | (48a) 
Y Ghs 8 L 
0 =e Uo P Pp -|- + s P (48b) 
and 
Uo Sin pe iF 
B= = wo tan. . ‘hack on anes (48c) 
cos ae 
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Then 
u= wo ( cos 2% + tan 2X sin SLO DA kn as (49a) 
and 
du UD ep pl PX)... 
St a MP sin PE + tan PE cog D2 sinpl........(49b) 


The total longitudinal stress = A # se in which A = area. At x = 0, the 


maximum longitudinal stress equals 
AEu L 
eee tan pe A 
c c 
FLEXIBLE_VIBRATING STRING 


Fig. 10 shows an elementary length of a vibrating string. Let 7’ = tension 
in string; L = length (distance between supports); and p = mass per unit 
length of string. The forces acting on length ds 


in the y-direction are: p ds ou 2 due to acceleration, as E 
and T a dx due to change in direction of Tinthe l 
distance dz. Since the angles are small, ds can 
be assumed to be equal to dz and pdx can 
be substituted for p ds oY . Then 
ay * Oy 
p dx ap aa DG devas SAVERS Bc ek sre (50) 
or, 
Oy _ a OY 
ap lie (51) 
in which c? = - A solution of Eq. 51 is 
= (4 cos PE + Bein BE ) sin too. coe sev0s +o (62) 


Natural Periods of Vibration of a String Under Tension.—The end conditions 
are: When x = 0, y = 0; therefore, A = 0. When x = L, y = 0; therefore, 


Bsin 2% = 0. 


ee ph 
If B =0, there is no motion; therefore, sin i= must equal zero, and 


L 


£— =7 or 27 or 37, etc.; and p = . (in which n is an integer); natural 


: 2L 
om is ; and fundamental period 7; = es 
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Flexible String Under Tension and Subjected to Simple Harmonic Motion in 
a Transverse Direction at Each End.—Let uo = the half amplitude of forced 
harmonic motion at each end of a string. The end conditions are: When 
«= 0, y = usin pt; therefore, A = u%. When « = L, y = usin pt; and 


Uo = Uo COS a + Bsin ae . Therefore, 
wo (1 — eos2) 
bie iL va. 3 BD Ag Ol a ee 
sin —— 
6 
Then 
1 — cos #— 
Y = Uo cos 22 sin?* | sin Dito. eters Meee (54a) 
sin? ~ 
c 
and 
OY Uo Dx 1 — cos P= ies 
apes 7 SU eae inde WED Rane eae BIN PT ae (54D) 
eee 


The transverse component of tension = poy ; when x = 0, 


Ox 
a (1 ~ cost) 
dy _ oD east, 
0 p) 
4 i ae 
Cc 


and, when x = L, 


Sioa le 
ee oe cos ) 


Ox ' 
sin pa 


ont te 


- e 
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PARE RS 


TRANSATLANTIC SEAPLANE BASE, 
BALTIMORE, MARYLAND 


By W. WATTERS PAGON,! M. AM. Soc. C. E. 


SYNOPSIS 


Two major topics are described in this paper: (a) The difficult foundation 
conditions; and (b) the unusual hangar design dictated by these conditions, 
caused by the character of the mud fill which was originally placed in the 
Baltimore Municipal Airport, in Baltimore, Md. The paper deals only with 
the seaplane base, the first portion of which comprises a hangar 270 ft by 190 ft 
with 35 ft clear height, built entirely of steel, and a brick office building in the 
form of a half octagon, 66 ft by 125 ft, both of which are leased to the Pan 
American Airways System. 


BrizFr History 


First Stage-—In 1928 the voters of Baltimore approved the expenditure of 
$1,500,000 for the construction of an airport, which must be a combination 
landplane and seaplane base. It represented a recrudescence of the spirit 
which produced the famous Baltimore Clippers of one hundred years ago. 
In 1930 an additional $2,500,000 was voted. The site selected for the airport, 
although ideal from the operating standpoint and unexcelled elsewhere (see 
Fig. 1), was exceedingly poor from the engineering and financial standpoint. 
Of the 360 acres in the site, only 70 were fast land, and the remainder was open 
water having depths ranging from 6 ft to 18 ft. There were also 71.5 acres 
just outside of the field for use as automobile parking lots. The bed of the 
Patapsco River here consists of two, or more, marsh deposits, which are indi- 
cated by fossil leaves to be of Pleistocene (Talbot) age, and which extend nearly 
to 60 ft below mean low tide. 

The site is on the north shore of the Patapsco River, about 5 miles in a 
direct line, or 6 miles by automobile, and 15 min from the Civic Center. It 
is well served by highways, and is bounded on one side by a wide highway. 
A steam railroad freight line and a street-car line, which also serve the steel 
mills at Sparrows Point, Md., are nearby. Beyond the car line is the village of 

Norz.—wWritten comments are invited for immediate publication; to insure publication the last dis- 


cussion should be submitted by February 15, 1941. 
i Cons. Engr., Baltimore, Md. 
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Dundalk, Md. The other three sides are bounded by open water, except for a 
portion of the south side, where there is abutting industrial property. A 
considerable portion of the area of the field is beyond the pierhead line, by 
special federal permission. 

As shown in Fig. 1, the Patapsco River is an estuary which opens into 
Chesapeake Bay and provides a minimum seaplane water runway 2 miles long 
directly in front of the airport, in a northeast-southwest direction, with almost 
unlimited length in other directions. 
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Along two sides of the airport permanent bulkheads, called A, B, and C, 
were constructed, the third side being bounded merely by a “mud fence,” 
called D (see Fig. 2). Before construction of bulkhead B the river bed was 


dredged to 35 ft. The type chosen is an apron 38 ft wide, supported on plumb 


piles and two rows of batter piles, and surmounted by a concrete face wall with 
its top at 7.0 ft above mean low tide (see Fig. 3). A riprap toe was planned 
but not placed. 

Data for the wind rose in Fig. 2 were supplied by the U. S. Weather Bureau. 
The prevailing winds are southwesterly, the highest average velocity is north- 
westerly, and there is no perceptible wind 1% of the time. The normal tide 


range is 13 in.; high tides rise at times (due to wind) to +5.0 ft; in the tropical ‘ 


hurricane of October, 1933, the maximum height reached was +8.0 ft. Hence 
the hangar floor is at El. +8.0 and the office building floor at +9.0. 


Pere! 
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Material being excavated from a nearby ship anchorage was first planned 
“for use in the airport, at a considerable saving, but the material that was 
actually received proved to be of very poor character and yielded disappointing 
results, as described subsequently. Other mud came from points in Baltimore 
Harbor, of which some was so soft that a 30-ft pole could be pushed entirely 
into it by oneman. At first the material was placed with bottom-dump scows; 
later it was dropped into the river outside of the airport and rehandled by 2 
suction dredge. The result was that, when it arrived in place, the fill consisted 
mostly of semiliquid mud. Such coarse material as it contained settled at the 
end of the discharge line, which was close to bulkhead D, and the fines found 
their way to the area to be occupied by the hangar described in this paper. 
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Fic. 2.—Grnerat Layout oF THE AIRPORT 


Long before completion of the fill the bulkheads showed distress. Bulkhead 
B was first reinforced with ‘‘anchor piles”; later a sand berm was placed, inside 
and outside of the sheet piling, thus filling one trench again to a depth of 15 ft 
or 20 ft. This trench had been dredged previously to 35 ft before pile driving 
was commenced. Some of the mud also flowed into this trench before the 
sheeting was completed. Bulkhead C was only a line of steel sheet piles, 
anchored back to deadmen, but, due to corrosion and to the loss of several 
anchorages, it has been buried by constructing a beach in front, riprapped with 
old paving blocks. 

Second Stage —In 1931 the city administration sought engineering advice 
as to what to do with the project. By that time the site had been almost 
completely filled in. The: project constituted a mud fill so liquid that it had 
overflowed bulkhead B on at least two occasions, and had then become quiescent 
at an angle of repose of approximately 6 ft in 2,600 ft, or about 0°8’. The 
answer given by the consulting engineers was that there was nothing that 
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could be done except to let the fill lie in the sun and dry out for a period of 
twelve to fifteen months, and then to place about 3 ft of porous, sand-clay 
material on top of the mud by pumping a granular fill from the river bed. 

Third Stage.—Following this report no further work was done until 1936, 
when the city entered into an agreement with the Public Works Administration 
(PWA) for approximately $1,500,000, and into an agreement with Pan American 
Airways for the establishment of one of two alternate transatlantic seaplane 
bases, at Baltimore and at La Guardia Airport, New York, and an emergency 
base at Charleston, S.C. At this time the city had expended about $3,000,000 
and had about $1,000,000 still available. The facilities to be described were 
constructed by the city and leased to the company. 

A contract was let for the placing of granular fill upon the mud by two 
methods: (a) By dredging from the river; and (b) by hauling from a low 
sandy hill about 2 miles away. This hill was a deposit of white to pink fine 
sand, with 10% to 15% clay, of the Raritan Formation, capped with gravels 
of the Sunderland Terrace. The fill was to consist of approximately 90% 
sand and gravel, with a strict limitation on the fines. The work of placing this 
fill is not the concern of this paper. It is sufficient to state that the resulting 
depth of cover upon the mud varied according to the extent of the mud waves 
which were forced up. At the hangar site it varied from 5 ft to 17 ft. Just 
south of the hangar, where two mud waves met, there was no cover, but instead 
the mud wave stood some 5 ft above finished grade. 

After commencement of the fill the first problem was the field layout. The 
city had previously leased a site for a seaplane factory, and the existence of this 
lease limited the layout of both the field and the base. The latter, naturally, 
was located along bulkhead B, and it was desired to place it as near the north 
end as possible, for ready access from the land. However, two conditions 
fixed its position: (a) It was felt to be unsafe to taxi seaplanes farther up Colgate 
Creek, between the airport and the loading wharf of the Western Electric 
Company, Inc., than to the point chosen; and (b) it was necessary to maintain 
a width of 1,000 ft for the north-south landplane runway, which was planned for 
instrument landings. This width of 1,000 ft was twice the original require- 
ment, but according to the latest requirement it should have been 1,400 ft. 
The engineering effect of these limitations was to place the seaplane base at a 
point where the mud consistency was probably at its lowest value. 


THe Mup 


The limitations of the site cannot be appreciated without an understanding 
of the mud underlying the site of the seaplane base. The depth from the 
hangar floor (El. +8.0) to the original river bottom (which was soft) was about 
26 ft. There was a shallow channel across the site, at which the depth of mud 
was about 30 ft. The mud particles were so fine that the mass was colloidal. 
The particles that overlie the old marshes have been deposited for hundreds, 
perhaps thousands, of years in an open river, about 2 miles wide, subject to 
waves about 3 ft high, and in general at a distance of about 3 miles from the 
mouths of the tributary streams which had transported them, All of this is 
evidence of the fineness of the particles. The writer experimented with every 
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mechanical, chemical, and electrical means known and suggested by colloidal 
chemists, for reducing the liquidity of the mud, but found that only by wicks 
could the colloidal structure be destroyed. This idea formed part of the basic 
design concept. 

The field slope was 1.0% (later 0.8%) upward from bulkhead B, for surface 
runoff. The runway is approximately 600 ft from the hangar, and is intended 
for instrument landings. The stability of the fill, therefore, was reduced by 
this surface slope. There was also the possibility of lateral displacement of 
the surface, due to jarring of landing airplanes, and the doubt, on the part of 
many of the public, as to the safety of bulkhead B, in which doubt, however, the 
writer did not concur. The first two reasons were sufficient for the foundation 
design that will be described. The cost of each main column foundation was 
nearly $20,000, and this would vary only a few per cent with the amount of 
column load; hence, there was introduced, also, a potent financial reason for 
the design. 

When the work of filling, under “Third Stage,” was begun, the mud fill 
had shrunk vertically from 3 to 5 ft, the exact amount being impossible to 
determine. Shortly after it had been pumped in, walking on its surface was 
impossible, because it could be stirred readily with a 6-ft stick. After eighteen 
months of drying in the sun there was a “‘crust’”’ of indeterminate depth. If 
the depth to the bottom of the mud cracks is used, it was about 8 to 10 in.; 
but below the cracks was about 6 to 10 in. of putty-like mud. The topmost 
portion had dried to such an extent that it had reached its shrinkage limit, and 
then, on further loss of water, had turned from dark gray to a dirty white color. 
On the average the cracks had a top width of about 3 in., and occurred (in 
crude hexagonal pattern) on the average about every 10 in., indicating a 
linear contraction of perhaps 30%. The width of crack varied almost linearly 
down to the point where it closed, at which point the material was somewhere in 
the vicinity of the plastic limit. 

Walking over this 18-month old cracked crust, with the underlying mud 
yielding under the weight at each step, created the sensation of walking on a 
tight bedspring. By jumping up and down at the proper frequency the entire 
area of crust, for a distance of 50 ft or more, could be set in oscillation. Under 
such forces the mud acted like an elastic jelly, and there was no evidence of 
permanent strain or set. When a chunk of the drier portion was lifted out, 
the piece would have a total depth of nearly 12 in., and the bottom break 
occurred where the consistency was about that of putty when it is dry enough 
not to adhere to the hands. 

In 1931 the writer had had tests made by the U. 8. Bureau of Public Roads 
on two mud samples and one sand sample from the berm under bulkhead B. 
The results were as given in Table 1, the particle size being graded as follows: 


Size in millimeters 
Grade f (see Table 1) 
Coarce san it. -'.:,.1: ee See Lek ee 2 to 0.25 
Hine’ sata Pris SL eee ee 0.25 to 0.05 
Silt 2 ee Eh cee Ed 0.05 to 0.005 
Clay. s. natietewe 3. 6.9 cae less than 0.005 


Collotds :t,..sascitewc? 0: 2s calcein less than 0.001 
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Some unit weights of the mud were: 


Moisture Weight, in lb per cu ft 
ee eT wee Re a. 6, eit ee oe Re beeen. 88 
YU SUNIL COACH, Sa 5 gh os I ee 115 
LESTE TC ape 28 "A ee 110 
TESTS oi Neagle 8 ee a a 93 


TABLE 1.—Sort Tests sy tue U. S. Bureau or Pusric Roaps 
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@ Waterlogged, indicating a ‘‘muck”’ soil. 


Below the plastic limit the material develops some resistance to pressure, 
the critical point which marks the change from a fluid to this state being gener- 
ally at about the plastic limit. Since plastic limit equals liquid limit minus 
plasticity index, the plastic limit was 40% and 42%, respectively. 

An interesting comparison is afforded by tests? at the National Bureau of 
Standards, in which it was found that a ““Maryland Clay,’ when extruded from 
a 23%-in. round cylinder, through a 3-in., sharp-edged die, showed zero pressure 
at a water content of about 44% of the dry weight, and for less moisture showed 
a hyperbolic curve of pressure versus moisture. At 18% moisture the pressure 
reached 400 lb per sq in. 

One sample, semiliquid, had been taken from within the area of the seaplane 
base; the other, from within the crust, was taken from about 1,000 ft south. 
The results of the compression versus load, and compression versus time, tests 
are given in Figs. 4 and 5. A similar sample placed in an open-mouth jar, 
with a protruding and overhanging wick, dried at office temperature in a few 
weeks to about one third its original cubic volume, whereas a companion 
sample, without wick, was little changed at the end of six months. Water 
dripped from the end of the wick. When the mud is at its driest condition its 
consistency is nearly that of slate, and it will take a high polish. 


CONDITIONS AT THE SEAPLANE BASE SITE 


When work on the seaplane hangar was begun, under the third stage of the 
work, the following facts and conditions obtained: 


(a) The granular fill over the building area had a depth of 5 to 17 ft; 
(b) There were unfounded fears on the part of many citizens that bulkhead 
B could not be regarded as safe; 


2“*Relation Bet Moisture Content and Flow-Point Pressure of Plastic Clay,” by Ray T. Stull 
and Pant Y. Tokio, "Bessirch Paper RP 1186, Journal of Research, National Bureau of Standards, Vol. 22, 


January—June, 1939, p. 329. 
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(c) The process of placing the granular fill at this site had pushed a mud wave 
across the site, such that a 1-in. steel pipe, left over the week end from a wash 
boring operation, was found to be 15 ft (at the top) from its original position 
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Fie. 4.—Loap-Compression Curves or Two Mup 
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3.0 


(see Fig. 6); 

(d) The writer was convinced 
that the underlying mud was 
still of nearly the same liquidity 
as was shown by the tests (this 
was later confirmed during ex- 
cavation); 

(e) It would be impractica- 
ble, for some years, to provide 
a concrete floor in the hangar; 

(f) The weight of the sea- 
plane, upon its beaching gear, 
would be about 50 tons, which 
must be supported safely; and 

(g) The foundation design 
should be such as to allow the 
water contained in the mud, 
and in the sand fill, to work its 
way out slowly. Some of the 
borings at the site are shown in 
Fig. 7. 


THE PRINCIPLES UNDERLYING 
THE FOUNDATION DESIGN 


The following conditions were 
established by the writer as the 
basis for the foundation design: 


'(1) There must be a mini- 
mum number of main column 
foundations; 

(2) The major footings must 
be stable against a lateral thrust 
of 2,100 lb per sq ft, at the cen- 
ter, and 700 lb per sq ft, average, 
on the projected diameter; 

(3) The mud pressure in an 
excavation must be considered 
as nearly that of a liquid weigh- 
ing 100 to 120 lb per cu ft; 

(4) Every effort must be — 


made to prevent inflow of mud into the bottom of an excavation from the 
surrounding area; otherwise, the greater part of the subjacent mud would be_ 
excavated and the surface overlying it would sink; 


ia 
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(5) No lateral support for piling must be considered, except in the cylinders 


which were to be backfilled with granular fill; 


Deformation, (Percentage) 


(6) Piling must extend to —60.0 ft before meeting firm bottom, and the 
old marsh material above this point would offer resistance to penetration, but 


0 4 


60 —+— 
Time Compression Curve 
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Fie. 5.—Trvze-Compression Curve or ONE Mup Sampte (6265) 


Fic. 6.—Erectrion or Hancar Doors (rH» Ducaritatep Mup WavE IN THE ForncRounD Is BuGINNING 
to Duvretor A New Crust) 


would provide a not-too-secure toe hold for the piling; hence, the piles must, 
if necessary, be jetted; 

(7) The mud is a plastic—that is, it will stand shearing stress up to some 
(unknown) limit, but, beyond that stress, will flow like a viscous liquid, es- 


BALTIMORE SEAPLANE BASE Papers 


1478 


92T— YO ITT— 
U9 = O79 — 
vo -990 + 


2$U01}2907 BulMo||O4 je 
Puno4 aay $}9490q JI 
9 ‘ON Bul0g 404 


asvq ANVIdVaIg OILLNVILVSNVY], GHL LV SONINOG—) “OI 


JeARID afyt] pue 
Ae\9 ‘pues poedwog Aa, 


0'69-}2,) 
Janesd aj] pue ee 
pues mojjaA WNIpey\ 


pues wnipey o'e9o-} 
PNW UM pues WNIpaW G'6G—f_ ] 


PAW ana! yim pues aury 9 SS— | 


Tes— j paren LS Aejg pue @TCuP 
payoedwiog Aya, “Aej9 — SIS-/ 
pnw alr Aaa pue pues auiy 098 J-.] Poe rer Aa ece= Z 
pue pues auiy wis pue pnw OLb-[7 PHN aT MEA = Ory 
ae pnw pazeeuiog O= pu pues sneoea soap oth 28D 
Orr Aejgipue WIS pue pnw WHS O'Eh— PNIN ay] pue Zep — td eA pve PUES Une 
__ lenedy aug 2 @p— OTb— pues snoaseaiw POW 21017 Ae\9 pue SItv— 
; pues pajoedwiog yoedwog auiy > pue pues snoaceaIw oop— pnw ajay ‘pues aug 2 PV gE 
nia Sonn yoedwog euly é 06e— g 
PNW 313!7 co 8€-/ PNW 31417 POW eT © ~— WIS ouly ‘Ae}D ‘pnw g 
UJIM pues Ael5 pue ‘pues aul4 pue pues > 0°ZE— | | HIS euly _»O'ZE— Lbs, 
payoedwiog euly 4 SnoasediW auld O°Ge— pue pnw edwog ———— Tre— a PNW pue IIS snoededIW O'GE— Z 
pnw e7ce—- bE ——* Ke|Q awos ‘janes HIS pue pues “edIW aul Gee—| 
yoeig Joeduiog Pai Reljedwie ‘OTE 1 J Pn cas pty, ene, Liz—|«| jereip eu pue pnw ann 
ajdwies Buipedarg 0'6¢— pedwog Ajsie4 pnw yedwog ———FY yyy Aej9 pueyis yieq eul4 
meta 1B PNY 49218 40S £92-VY ooe= 
LeG= — | We WIS euly pue AejD [eAe15 auly 40 
O8t= pnw WIS pue pnw HHS O12 Z $99e/| YIM WIS pue pn 
Ke\9 Keay yos y payoeduiog Kap, Ke{ pue janes o'6r— Tete : 
Kejg pue \ OST— ZY) yig aug _ O'ST= SHAT Pues 8Uld g-pT— Keg Keun yos make 
pnw amin f ==— pue pnw ‘Aeja > fq ~PMIW Pue pues winipay PNW OS velI— 
aM pues | OVI— ade iS) = OfI— ei any 
[}e] 0} Ue JAI 4 . 
aur aul yo ade} PRIN PFI Pa}eduiog PNW Yos Arq Ae gr Oe 
ajdwes on © 4M AeQ Keay 6'6— as 
*JeAesD auly pue ajdwes on ies 
s||eys Jo aoe1] e ‘PNW Yos Kuan Bete Dane oh cond rea eo SE PNW yOeIg OS PNW WOS 
UM PNW HOS Alea oolaepy  L£0- payoedulog Aysie4 : Se gekcer ell ir L0- oe 
& “MOT UeAI\ ‘ Z : S — 
Se PNW pue Ae|D WOS, ¢'z+ a 
es Kel pue janes9 Oet PRIN 281g Hos — PPS ET 
Abi /PUE [eAe/) ‘pues peyedwog fei pue janes id lly yoedwiog Aneay Vaaxs PNW 4M POXIW Illa 
‘pues pajoeduog "pUee pe aay yoedwog Aneay sjiayus jo aoe) / 0 oth lo os+ 
ret ret panes Dee ane oa eo UHM PNW pue Ae19 Illy WedwWOD AneaHy 
06+ 88+ O6F 4 
7 ‘ : f IIly sejnuesy BurdeIg Jejnuess) BujdeI1q 
9 "ON S ‘ON v'ON € “ON Zz ‘ON 210J8g | ‘ON Suu0g ; 42) a Suuo 
t“ON $V T ON 'd 


October, 1940 BALTIMORE SEAPLANE BASE 1479 


oe when it is jarred as in the standard test for determining the liquid 
_ limit; 

(8) The granular fill would provide ample lateral support at the surface, 
but the entire surface area in the vicinity might suffer translation; 

(9) The weight of the seaplanes within the hangar, and of machinery loads, 
would cause a bursting pressure on the foundations; and 

(10) As the mud slowly dries out below, and the surface settles, batter 
piles would be subjected to a lateral component stress; hence, only plumb 
piles should be used, except in the cylinders where there is granular fill placed 
down through water. 


The average thrust of 700 lb per sq ft was determined from the equations of 
flow of a viscous liquid, at low velocity, around a circular cylinder, based 
upon an assumed shearing stress at the liquid limit; but there were no test 
data upon which to predicate this shearing value, other than the known angle 
of repose of the fill when it finally ceased to overflow the bulkheads. It was 
believed (and later confirmed) that at a short distance below the “crust” the 
fluidity was little less than when the tests were made in 1931. 


DESIGN OF THE MAIN PIERS 


Because of condition (1) it was advisable to use only four main columns 
for the hangar. In addition, however, layouts of the hangar and the planes 
to be stored in it determined that the maximum useful space, as well as the 
maximum of economy of construction cost, would result from the use of canti- 
lever construction on all sides. The structure, therefore, is merely a four- 
legged table, with walls supported laterally against the roof. The rigidity 
against wind pressure, however, is diminished by such construction, and ample 
provision was made to permit the hangar to move (under wind and temperature) 
without binding upon the office building. The fixed walls of the hangar also 
were constructed with a slip joint at their upper support. To avoid the possi- 
bility that the hangar might sway in synchronism with wind gusts, its period 

‘of vibration was computed and found satisfactory. 

Because of conditions (3) to (9) the pier design shown in Fig. 8 was adopted. 
The cylinders were designed to be excavated, but not unwatered, thereby main- 
taining hydrostatic pressure inside, which would reduce the lateral inward 

- pressure, and provide a maximum of downward pressure to minimize the inflow 
of subjacent mud. The wood piles were designed to withstand the column 
load as if they were braced laterally; hence, they were driven after the cylinder 
was excavated and were then supported by backfilling with the same granular 
fill that was being used for surfacing the airport. The cylinders were designed 
with ring and diagonal bracing to transmit the lateral thrust to their bottom 
and top. In order to provide for the bottom reaction the cylinder was sunk 
at least 6 ft into the old bottom of the river, and, for the top reaction, batter 
piles were provided. ‘These were steel H-columns incased in concrete, battered 
as far as the size of the cylinder would permit, and stripped at the top and 
welded to the column grillage in the form of an A-frame. Eight such piles 
were driven, with steam hammers, forming four A-frames, two in each direction. 
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They were not counted upon for vertical load, although of course they carry 
their share. The wind thrust on the hangar is also resisted by them. 

The sinking of these cylinders proved to be quite difficult. In addition to 
the buoyancy, considerable friction developed, first with the granular fill on 
the site, then with the drier mud crust below, and finally with the old river 
bottom. One cylinder required nearly 125 tons of surcharge, in addition to 
ring jets, to sink it and, in another case, greasing was necessary. In order to 
maintain the water level inside, it was necessary to supply water as fast as the 
bucket removed the mud, except of course when the jets,were being used. 
This work was well handled by the subcontractors. Despite the precautions 
taken, a roughly circular area, extending as far as 15 ft out from the cylinder, 
sank 4 ft, or more, and was backfilled with granular fill. 


DESIGN OF THE WALL FOUNDATIONS 


The corners of the building were rounded to minimize eddies in the wind 
and, as a result, eddies are almost entirely absent even in strong winds. Be- 
cause of the type of hangar construction, lifting doors were out of the question; 
and, because of the general design, round-the-corner doors were well suited 
(see Fig. 6). These doors are 10 ft 1 in. wide by 35 ft high, and weigh about 3 
tons each, on two casters; yet they can be pushed by one man, although with 
difficulty. Another requirement of the foundation design, also, was that 
Pan American Airways required strength to support a 25,000-lb wheel load of 
the beaching gear, which might cross the wall foundation at any point within a 
considerable length. For lateral stability batter piles were considered, but 
were ruled out by condition (10); hence, plumb piles were used as shown in 
Fig. 3. Upon these piles is a hollow, rectangular beam, open at the top, 
across the top of which there are 6-in. I-beams to support the door rails. The 
hollow construction, aside from vertical, lateral, and some torsional rigidity, 
also permitted use of the foundation as part of the storm drainage system. 
Rain running down the doors, or falling on the nearby ground, passes into the 
channel within, and then, to prevent clogging with sand, the downspouts from 
the roof were led into the channel, thus providing ample water to keep the 
channel flushed out and free of obstruction. Between the rails, and supported 
on the I-beams is a 2-in. creosote-dipped plank flooring, neatly fitted to the 
rails to prevent air leakage. The rubber fabric weathering strips that are 
fastened to the bottom of the doors drag along these rails. 

So long as the granular fill is undisturbed, these walls will remain in aline- 
ment. To provide for possible misalinement, the rails were merely clipped 
to the I-beams so that the rails may be shifted laterally on the foundation to a 
new line. To date (1941) there has been no motion. Vertical adjustment also 
was provided by not grouting the beams into the concrete until the roof struc- 
ture had assumed its full load sag, under dead load only. 

Along each side of the wall beam 1-in. round weep holes were provided to 
permit escape of water from the mud and from the fill, in order to simulate the 
experimental wicks so far as possible. As stated, the hangar floor and door 
rails are at El. +8.0, or just equal to the maximum storm tide ever recorded 
To avoid possible water damage, the office building floor is at El. +9.0, 
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DESIGN OF THE OFrFice BuILDING FouUNDATION 


The offices and public spaces are located in a two-story brick building having 
the form of a half octagon (see Fig. 9). To provide cylinders under this struc- 
ture, for distributing the building loads, would involve great expense. It was 
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decided that, with 10 tons per pile (because of the unsupported length in the 
mud), the number of piles required would be such as to give adequate lateral 
stability to the building. Later, during the driving of the piles, it was found 
that penetration could not reach —60, and some of the piles came to refusal 
at only 52 to 54 ft, and one or more at 48 ft. Therefore, the toe-hold capacity 
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of the old river bottom is at least as good as was assumed. It was impracticable 
to use the jet on these piles, because the area under the building was excavated 
to El. +5.0 (for an air space under the first floor), which space would have 
filled with water and drowned out all nearby work. At several footings under 
this building the underlying mud was exposed, and some of the excavations 
for them filled with mud which was exuded up through the bottom. 


DESIGN OF THE HANGAR 


There were no precedents for the design of the hangar. The Pan American 
Airways System stipulated the over-all dimensions and the clear height as 
270 ft by 190 ft by 35ft. They desired two rows of columns, giving two canti- 
lever ends. The further restriction to four columns only permitted cantilever 


construction on all four sides, and also the saving that results in truss weight. ~ 


Larger planes can be placed within, also, such that the trailing edge of the 
wing just touches the columns. The span of the wings thus can be greater than 
the column spacing; also, by entering askew, only one wing tip need clear a 
column (see Figs. 10, 11, and 12). 
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The unit load specifications,’ in pounds per square foot, are as follows: 
Snow load, 30; roof uplift, 40; and wall loads, 40 on small areas, 30 on each 
door or wall panel, and 20 on the entire building. The 20-Ib load acts at 135° 
to the larger wall, with wind also on the adjacent side, and the resultant wind 
acts at an eccentricity from the center of the building of 8% of the wall length, 
thus causing rotation. 

The total wind was divided equally between the four columns, which were 
computed as though hinged at the base. (The torsion, also, was equally 
distributed.) They are 5 ft square, and bear on 24-in. steel sole slabs, which 
in turn bear on 48-in. slabs welded to the grillage. This 48-in. size was adopted 
to provide for tolerance in setting the grillage. However, the maximum 


%“Using Aerodynamic Research Results in’ Civil Engi ing 1 ice,” peat 7 
wPhesring N eudslasoors, Oesober BLELOEE, _Civil Engineering gascdes, by Ww. Watters Pagon, En- 
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uncorrected error in the grillage positions was between 1 in. and 2in. The 
trusses were computed for the column bending moment, and then curved knee- 
braces were added. There are two 3-in. anchor bolts, welded to the grillage, 
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to resist uplift, because the building weighs less than the assumed uplift. 
During erection the columns were merely bolted down, but not restrained other- 
wise at the base; after all dead load strain was developed in the trusses, the 
bolts were slackened, but, no motion of the columns being found, the bolts were 
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again tightened and a 3-in. angle was welded to the bottom slab on all four 
sides to prevent sliding. 

The upper tracks for the doors consist of 12-in. channels, facing each other, 
which are also computed as part of the chord section of the fascia trusses. 
These trusses are about 9 ft deep, of triangular section, and are braced by 
knees to the purlins to prevent torsion, although the vertical load is near the 
centroid. There is a 48-in. wide bottom plate, to which the four door tracks 
are riveted, and this plate and the channels form a horizontal girder to resist 
the wind thrust on the doors and on the fascia, in addition to acting as bottom 
chord (see Figs. 11 and 13). 


Fie. 12.—YankrEE CiipperR ENTERING West Door or Hancar, FEsruary 26, 1939 


The general structural design is shown in Figs. 10 and 11. When com- 
pleted, the structure is indeterminate. It was computed as though determi- 
nate (with later corrections for continuity) and was so erected. The fascia 
trusses were carefully cambered so as to be truly straight and horizontal under 
full dead load, and the end connections between them, at the four corners of 
the hangar, were not installed until all dead load was in place. Continuity in 
the purlin knee-braces, however, prevented perfect vertical alinement of these 
fascia trusses, and a minor correction was necessary in the elevation of the 
bottom I-beams (which had not been grouted into the foundation) to make up 
for the discrepancy. 

The end panel of the cantilevers was cambered upward for full dead load. 
Because of the cantilever construction there is much sag, or lift, in the fascia 
trusses. At the top of the doors provision was made for a sag, or a lift, of 3 in. 
due to snow or uplift (the computed distance was 2} in.). For plumbing the 
doors an adjustment of } in. was made in each caster. The doors and hard- 
ware are larger than any standard design; hence, they both were computed and 
designed especially for this structure (see Fig. 13). 
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The roof structure is unusual. For three reasons it is inverted, with the — 


roof supported upon the bottom chord of the main trusses and purlins. The 
first reason (historically) was roof drainage, there being no place for downspouts 
except at the four columns. (The building corners are so designed that they 


may be put on casters later, if future wing spans require greater useful opening.) _ 


The other, and more determining reasons, are the protection of the structure 
from inside fires, and the reduction in the height of the space to be heated. A 
ceiling would have added a considerable percentage to the total load. The 
roof-deck design offered many problems, but they were successfully met as 
- shown in Fig. 11. At first there were a few leaks in the flashing collars around 
the gusset plates of trusses and purlins, but when these had been corrected 
there was no further trouble. The deck is of deep-corrugated steel, covered 
with 1 in. of insulation and a 15-yr ply roof covering. 

The night lighting of the hangar was solved by placing nine 1,500-watt 
lamps in open, porcelain, enameled reflectors at each column head, and six at 


each of the 190-ft ends. Since the walls are insulated and painted white, and — 


the roof is galvanized, the illumination is very nearly uniform. The lighting 
load is 72 kw, or about 14 watts per sqft. The electrical system centers in a 
transformer vault in a brick room within the hangar. Even then, oversize 
copper was required for some circuits in order to hold the maximum voltage 
drop to 5 volts, under full load conditions. 

In order to eliminate piping runs under the floor, where settlement might 
cause breaks, all steam and return piping is at the ceiling, and the system oper- 
ates at sufficient pressure to lift the condensate from the floor type of unit 
heaters and return it to the boilers. The floor is a bituminous concrete, 
placed on a sand fill which was thoroughly wetted and rolled with a steam roller, 
and has given perfect satisfaction. 


DESIGN OF THE OFFICE BUILDING 


The office building houses all the operating and traffic personnel, and also a 
portion of the division engineering personnel (the remainder are in small shop 
offices in the hangar). There is space for tickets, facing the Concourse, and 
on the other side are rooms, in series, for Public Health and Immigration 


inspection. In the rear of the Concourse is the customs inspection counter 
(see Fig. 9(0)). 


LANDING, BEACHING, AND FuELING FactuitTizs 


Passengers are landed at a float and pass over-a floating walkway and then 
a pile trestle to a covered walkway. This walkway leads directly into a waiting 
room at the entrance to the federal quarters. The pump house at the end 
of the walkway provides gasoline either on the float or at the head of the 
beaching ramp. ‘There is underground storage for 16,000 gal of gasoline. 

Shortly before completion of the hangar it was decided, as an additional 
precaution, to install a standard-gage railroad track leading into the south and 
the west doors. No trouble was experienced, however, except at the mud wave 
south of the hangar, where the track deflected under the weight of a 10-ton 


October, 1940 BALTIMORE SEAPLANE BASE 1489 


steam roller by about 6 in., over a length of about 20 ft. This was finally 
corrected. 
OPERATIONS FROM THE SEAPLANE BASE 


The first seaplane arrived at the airport on November 17, 1937. Because 
the facilities were incomplete, space was leased in the Curtiss-Caproni building 
as a hangar for ships and for division and traffic personnel. In December, 
1938, the city made delivery of the entire project to the Pan American Airways 
System. During the temporary operation period the planes were beached on 
the small, public ramp No. 1 (see Fig. 2). 

On March 16, 1938, air mail and passenger service to Bermuda was com- 
menced by Pan American and Imperial Airways. During the winter this was 
direct; in other months there was a stopover at Port Washington, Long Island, 
but now (1940) the service is direct from La Guardia Airport or from Baltimore. - 
Service to Europe commenced on May 13, 1939, on the route, Baltimore—Port 
Washington—Bermuda—Horta (Azores)—Continental airports, or via Bot- 
wood Harbour, Newfoundland, and in summer now operates from La Guardia 
Airport. All maintenance and repair work is performed at the Baltimore base 


in winter. 
LANDPLANE BASE 


The airport, with the buildings for landplane use, is expected to be in 
_ operation in 1940. Adjacent to the air station will be three hangars. A 
Maryland National Guard Unit will occupy the east corner of the field (see 
Fig. 2). 
Cost 

It is contemplated that all of the work on the airport that is now planned 
will be completed for a total of about $6,500,000, including stabilized runways 
and one of the hangars. 

PERSONNEL 


Work on Stage Three of the airport was started under Mayor Howard W. 
Jackson and Chief Engineer Bernard L. Crozier, who was succeeded at his 
death by Frank K: Duncan, M. Am. Soc. C. E. Work on a portion of the fill, 
the beaching, and landing and fueling facilities was under Harbor Engineer 
Frederick M. Kipp, Jr., Assoc. M. Am. Soc. C. E.; work on the buildings was 
under Buildings Engineer William A. Parr, and immediately under Assistant 
- Buildings Engineer Martin Koenig, Jr. Delano and Aldrich were consulting 
architects on the office building; Henry Adams, Inc., were the consulting 
engineers on the heating system. The writer, as airport consulting engineer, 
designed the airport facilities and layout and the buildings, etc. In the second 
stage Bancroft Hill served with the writer as consulting engineer. Capt. L. L. 
Odell, chief airport engineer for the Pan American Airways System, approved 
the plans for the company. Henry L. Shryock, Jr., was project engineer for 
the PWA. The contractors were as follows: For the fill, The Arundel Corpora- 
tion; for foundations, Consolidated Engineering Company, under whom was 
the Raymond Concrete Pile Company on the main piers and the piling; for the 
hangar, Kaufman Construction Company; and for the office building, W. E. 
Bickerton Construction Company. 
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DAMS AND EMBANKMENTS 


1. GENERAL 


The desired degree of compaction required for the soil being used in a dam 
having been determined, attention must be directed to those factors which 
affect the means by which such degree of compaction may be attained. These 
are: Nature of the soil, moisture content, thickness of layers, pressure of roller 
feet, arrangement and spacing of roller feet, weight of tractor, and number of 
passes of compacting unit. 

It is evident that a large number of combinations of these factors are pos- 
sible. Sufficient information is not available to coordinate the effects of each 
completely. However, the purpose of this Report is to present an account of 
present theory and practice and a description of the relative effects of the 
various factors which have already been established. 

Succeeding reports will endeavor to keep abreast with changes in theory 
and practice. For this purpose, the Sub-Committee requests that it be supplied 
with all new information which readers may obtain by experimentation or 
during construction. The Sub-Committee will then act as a clearing house for 
such information with, it is believed, considerable benefit to the profession. 


2. Factors AFFECTING ConTROL DENSITY OF SOILS 


(a) General.—In many cases the materials available for the construction 
of an earth dam are limited in type. In other cases some choice is available. 
In all cases it is necessary to utilize those materials which will result in the 
least cost of a satisfactory structure. The problem frequently revolves about 
the question of economy, involving the use of the cheapest materials with a 
fat cross section or more expensive materials with a lean cross section, unless 
a minimum section is fixed by the strength of the foundation. 

Tests of available materials, analyses of alternative designs, and cost esti- 
mates will finally result in a definite choice of type of dam, of the several types 


orr.—Written discussion of this Report will be transmitted directly to the chairman for the informa- 
tion of the Sub-Committee. 
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of materials which will be used, and definite densities which are necessary in 
various parts of the dam to conform with the assumptions used in the design. 
The embankment materials should then be compacted to such densities. 
These are the control densities which govern the compaction during the progress 
of the work. . 

The density of soils which, according to laboratory and field tests, will 
insure the characteristics desired, should be determined after consideration of 
the following critical criteria: Shearing strength, settlement characteristics, 
permeability, plasticity, shrinkage characteristics, expansion characteristics, 
and critical density. 

(b) Shearing Strength—A reasonable amount of compaction is required to 
insure the’ necessary shearing 
strength for an economical dam. 
A typical relation between the 
effort expended in original com- 
paction and shearing strength 
is indicated in Fig. 1 for a con- 
stant normal loading. It is ob- 
vious that there is some degree 
of energy expended in original 
compaction, such as point A, be- 
yond which the cost of a greater 
amount of compaction. would 

Oe not be commensurate with the 
Energy Expended, in Original Compaction Z E i 
rcchy saving resulting from the possi- 

ble use of steeper slopes. 

In some cases, the slopes of the dam are governed by the necessity of a wide 
base to insure stability of a weak foundation. In this event, a very high degree 
of shearing strength is not required and point A could be chosen lower on the 
curve. Thus, the control density required to meet the criterion of shearing 
strength is established. It is nearly always the case that the required control _ 
density to obtain the necessary shearing strength and better than critical © 
density, as explained later, will satisfy the minimum limit of density required 
for other criteria. However, there is a desirable maximum limit to compaction 
of cohesive materials as will be shown subsequently. 

(c) Settlement.—As mentioned heretofore, the necessary compaction to 
obtain the density required for the shearing strength used in the design seldom, 
if ever, must be increased to insure against excessive settlement after construc- t 
tion. However, the necessary overbuilding of some dams, to compensate for 
anticipated settlement, is expensive. To estimate such settlement requires 
laboratory consolidation tests and settlement analysis. At present only ap-— 
proximate estimates can be made to determine expected settlement, since the 
problem is frequently very complex. It is possible that more exact analyses 
can be made after sufficient correlation is obtained of actual and theoretical : 
settlements. 

Therefore, this Sub-Committee strongly recommends that complete settle- _ 
ment analysis be made for every embankment to be constructed and that a : 


w 


Shearing Strength at Constant Normal Load 
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comparison of estimated settlement with subsequent actual settlement obtained 
from gages be forwarded to this Sub-Committee for use in later reports. 

(d) Permeability—The coefficient of permeability of an impervious em- 
bankment material seldom varies significantly with density, in the range 
generally considered in embankment construction, and therefore the compaction 
required for water tightness is never critical. It will be shown later that very 
pervious cohesionless soils drain so rapidly that difficulty is experienced in 
keeping them wet enough for best compaction. 

(e) Plasticity—A certain amount of plasticity in cohesive soils is desirable 
in a dam so that it can conform to unequal settlement in the foundations and 
also to the differential settlement of the dam itself between the center and the 
sides, particularly if there is a sharp break in the longitudinal profile. Plas- 
ticity, of course, decreases with an increase in compaction. However, it is 
believed that there is sufficient inherent plasticity in ordinary cohesive soils for 
ordinary conditions. At the present time, the handling of extraordinary con- 
ditions is subject only to judgment. 

(f) Shrinkage——Certain clayey materials have a habit of cracking badly, 
at the surfaces of dams, when they dry out. These cracks are sometimes several 
inches wide and several feet deep. The remedy is to cover such materials with 
a coat of coarse material, to decrease the height of capillarity, and to reduce 
evaporation. Otherwise, heavy compacting with relatively little water is the 
alternative. In some dams this condition has required a supply of water to 
a ditch on the top of the dam to prevent the material from drying out during 
dry seasons. 

(g) Expansion.—When a cohesive soil is heavily compacted under an initial 
water content, which leaves it after compaction in a partly saturated state, 
some expansion tendencies are locked up by the forces of capillarity. When 
such capillarity is destroyed by saturation due to rain or reservoir seepage, the 
material expands somewhat unless the expansion pressures are resisted ver- 
tically by the weight above it and horizontally by shearing resistance of the 
foundation. . 

Fig. 2 shows the result of experiments made at the U. 8. Engineer Office, 
Denison, Tex., to determine the expansion pressures of material having the 
following characteristics: 


cel } Fine ges fan 
0.002 Pe 
R 0.005 St 
0.020 46 
i 0.050 68 
pai 0.100 86 
e 0.300 100 


The compaction characteristics of the soil used in the test are shown in Fig. 3. 

The expansion tests were made in ordinary consolidation apparatus, main- 
taining a constant original volume of soil as distilled water was permitted to 
enter and be absorbed by the soil sample. Small volume changes, measured 
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by a dial indicator, indicated when load was required to stop expansion. Tests 
were considered complete when no further expansion tendency was indicated, 
and this was determined from a load-versus-elapsed-time graph plotted on 
semilogarithmic paper as the tests progressed. apa. 

It is extremely difficult to get accurate results from tests of this kind. 
However, sufficient information can be obtained to indicate conclusively that 
the greatest expansion obtains with (1) the greatest compaction, and (2) the 
least original water content. Of the most importance is the necessity for the 
greatest possible water content consistent with desired compaction, and Fig. 3 
shows that, for the material under test, 90% of complete saturation can be 
obtained by keeping always on the wet side of optimum moisture. 
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However, despite all precautions, some expansive forces will exist in cohesive 
soils although in most cases they may be negligible. Although the necessity for 
a limit to the amount of compaction may be the exception rather than the rule 
in dam construction, in some cases this feature embodies a positive danger and 
is a governing factor in dam design. The partial failure of at least one dam has 
been attributed to expansion of heavily rolled soils. The matter deserves 
investigation for every dam. 

The permissible force of expansion is difficult to determine. The vertical 
compressive stresses available to resist vertical expansion are not equal to the 
weight directly above. Moreover, the great danger is the tendency for 
horizontal expansion, the building up of expansive forces, and the sudden re- 
lease of them due to failure along some nearly horizontal plane in the dam or at 
the surface of a weak foundation. 

Research is greatly needed on this phase of design. At present engineers 
have for a guide only the rule-of-thumb which specifies that the material at any 


— 
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point in the dam shall not be compacted to a greater density than that which, 
as shown by laboratory tests, will correspond to an expansive force greater 
than the weight of material directly above it. 

Obviously, this would theoretically require zero compaction at the surface 
of the embankment which actually must, of course, be compacted to a reason- 
able strength. If expansion occurs near the surface, the damage would be 
local and must be taken care of by maintenance. However, when available, 
a sufficient layer of non-expansive coarse material should be placed on the 
outside of the fill to hold it in place. Where the material for backfilling re- 
taining walls is of an expansive nature, it should be compacted as lightly as 
feasible and with maximum initial water content. Even for dams composed 
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entirely of cohesive materials it is sometimes possible to route the more ex- 
pansive material to the central part of the dam and the less cohesive to the 
outside and top. 

(h) Critical Density—For years engineers have observed flow slides and 
quicksand conditions in saturated cohesionless soils. Although they have 
generally associated such slides with uniform, fine-grained materials, coarse- 
grained materials of this type have also been known to liquefy and flow when 
disturbed. They have also known for a long time that cohesionless materials 
in a loose state are potentially dangerous, whereas compact materials are 
generally stable. However, it has been only during recent years that an 
attempt has been made to tie the thing down to a quantitative basis and to 
devise a means of testing which will enable the designer to get at least an idea 
as to whether the particular material with which he is dealing is likely to give 
trouble. 
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It has been determined that, for a loosely compacted cohesionless material, 
the volume at failure is less than the initial volume, whereas, for a densely 
compacted sample, the volume at failure is greater than the initial volume. 
When such material is saturated, any decrease in volume of a loose soil must 
be accompanied by an expulsion of some of the water out of the voids. Con- 
versely, any increase in volume of a dense soil must be accompanied by a draw- 
ing of water into the voids. When the soil is not saturated, or when the appli-’ 
cation of the shearing stress is so slow that the pore water will have ample 
time to exit or enter, corresponding to changes in voids, the strength of the 
material will be unchanged. However, a dam or a foundation may be subjected 
to a shearing force so suddenly, as in the case of an earthquake or other dis- 
turbance, that the pore water will not have time to adjust itself to changes in 
volume of the soil. In such cases, the tendency of a loose saturated soil to 
decrease in volume during sudden shear will allow insufficient time to expel the 
pore water, and some of the internal load is temporarily carried by the water, 
thereby reducing the shearing strength of the material. If the remaining 
shearing strength is insufficient to maintain equilibrium, a flow slide results. 
On the other hand, the tendency of a dense saturated soil to expand during 


sudden shear will set up negative stresses (that is, a partial vacuum) required 


to draw the water into the voids, and will increase the internal load on the soil, 
thereby increasing its shearing strength. 

“Critical density’? may be defined as that density of a cohesionless soil 
which, when compacted into a dam, will tend to have the same volume at 
ultimate shearing stress as it had originally. Thus, when saturated, a co- 
hesionless soil which is looser than critical would tend to decrease in volume 
when sheared and would lose strength, when sheared suddenly, as previously 
explained; whereas such a soil which is denser than critical would tend to 
increase in volume and attain greater strength. 

Certain tests have been devised to determine the critical density of co- 
hesionless soils. The most recent tests make use of what is known as the tri- 
axial machine... However, although such tests are useful in forming an idea as 


to probable trouble, the best of them give no assurance that they truly represent _ 
the conditions in nature, and their use should be tempered with judgment and 


a full knowledge of their limitations. 

A critical-density test program has been inaugurated by the U. 8. Army 
Engineers and the testing work is now in progress at Harvard University and 
Massachusetts Institute of Technology, at Cambridge, Mass., and the U. S. 
Waterways Experiment Station, at Vicksburg, Miss. It is realized, however 
that the answer cannot be obtained entirely from laboratory tests, but that 
large-scale field tests must be used to check results. In this connection a large- 
scale field test was conducted recently for the Mill Creek Dam (Washington) 
by the U. 8. Engineer Office, at Bonneville, Ore., the results of which have not 
yet been reported. 

It is the general opinion that earthquakes are not the only phenomena that 
can cause the sudden application of the shearing stresses which require satu- 


1“‘Symposium on Shear Testing of Soils,” : F . 
papers by J. D. Watson and D. W. Taylor, Ascee Membotn, Ame doe Ch eee Particular reference to the 
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rated cohesionless material to be more dense than critical. Rapid drawdown 
of the reservoir, rapid construction, local slips in the embankment or founda- 
tion, blasting in the vicinity, the passage of heavy trains or vehicles, and sudden 
loading of the top of the embankment all constitute hazards. For these rea- 
sons, the probability of earthquakes should affect the choice of factor of safety 
rather than the choice of general criteria of compaction. 

All evidence indicates that saturated, cohesionless fine-grained soils with 
great uniformity of gradation are to be viewed with suspicion since this is a 
characteristic which is present in most actual flow slides. Coarse, well-graded 
soils present the greatest ease of attaining required density. As far as the Sub- 
Committee knows now, no trouble with flow slides has ever been experienced 


with cohesive materials, or with well-graded materials or, in dams, with coarse, 


free-draining materials, although rock slides of the flow variety are not un- 
common in glacial areas, such as the high valleys of the Alps. 

Tests show that the critical density becomes greater as the vertical pressure 
increases. Therefore, greater density is required for high dams than for low 
ones. In this connection, it is quite possible that, for a given cohesionless soil, 
there is a limit to the height to which compacted cohesionless soil can be placed 
if critical density is desired. 

It is the consensus of opinion that all cohesionless soils in the saturated 
portions of dams above the foundation should be compacted to a greater density 
than critical, not only to provide a factor of safety, but also to compensate for 
additional hazards sometimes present during construction. 

If a dam is constructed so rapidly that. it or its foundation does not have 
sufficient time to drain—that is, sufficient time to expel the pore water corre- 
sponding to consolidation due to loading—the trapped water constitutes a 
source of weakness. The result is that, during construction, the dam (or 
foundation) has only a part of the shearing strength which it will have eventu- 
ally, when drainage is complete. Hence it is necessary to carry the compaction 
to a density sufficiently below critical so that the tendency to contract due to 
residual compression will be counterbalanced by an increased tendency to 
expand due to shear. 

In some cases this additional compaction will be found to be impracticable 
or uneconomical. In that event, a more conservative design, reducing the 
intensity of shearing stress in the dam and foundation, is indicated. 

The compaction of materials to a ereater density than critical is easy to 
accomplish in most rolled-filled dams. At Franklin Falls, N. H., it was found 
that the compaction of the cohesionless embankment to a density equal to 80% 
of the maximum density obtainable with dry material in the laboratory would 
result in a state sufficiently denser than critical. This degree of compaction 
appears rather high and may not be necessary in other types of cohesionless 
soils. 
The shells of hydraulic-fill dams, composed of fine-grained, uniformly graded 
sand, may require compaction to attain better than critical density, particularly 
if they rest on foundations which have a low factor of safety. Such compaction 
would have to be done by rollers, tractors, or other mechanical devices and 
would constitute considerable expense and interference. The result may mean 
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the abandonment of that type of construction with such materials, on the ground 
of expense. 

Cohesionless foundation soils have been compacted successfully by ex- 
plosives at the Franklin Falls Dam. However, it has not been demonstrated 
that this method of compaction will prove successful at other places. 

The necessity of removal of cohesionless foundation soils which are less 


dense than critical depends on their extent and location. Large deposits of | 


such materials must be consolidated or removed. However, a well-compacted 
embankment can bridge over local pockets of objectionable foundation materials 
which are temporarily deficient in strength. This applies particularly to 
places where such pockets are not in the zone of critical loading. Only in 
localities where violent earthquakes may reasonably be expected must such 
pockets be removed. 

It has been previously mentioned that a saturated, cohesionless soil, having 
a density which is less than critical, loses strength when subject to sudden 
shearing forces but it does not lose necessarily all of its strength. 

Designing on the basis of residual strength is feasible provided engineers 
are confident of their ability to determine it. Unfortunately, methods of 
determining residual strength, at the present time, are very questionable. 

However, in borderline cases, the slopes of the dam have been flattened to 
reduce foundation stresses. 

It is frequently possible, by careful selection of borrow-pit materials, to 
route the worst of the cohesionless soils to those parts of the dam which will 
not be saturated. 


3. Mrtuops oF CompactTING SOILS 


(a) General—=In the compaction of either cohesionless or cohesive ma- 
terials, the exact type of equipment, number of passes, and thickness of layers 
cannot be predetermined accurately without experimentation with test fills. 
For work of magnitude, using many units of compacting equipment, pre- 
experimentation with test fills usually will bring ample returns since, without 
them, the adopted equipment might have to be remodeled or abandoned later. 

(b) Equipment, General.—For cohesionless materials, it has been demon- 
strated conclusively that the character of the material and the required con- 
solidation density affect enormously the necessary type of equipment. 

The normal type of equipment, for compacting cohesive material, is a 
crawler type of tractor drawing two or more sheepsfoot rollers. No superior 
type of equipment has been developed. Smooth rollers confine their greatest 
compaction at the surface, requiring thinner layers and providing a smooth 
instead of a rough bond between layers. Grooved rollers for cohesive materials 
have not been used to a sufficient extent to demonstrate their value. 

As the materials being compacted become coarser and lose their cohesive 
properties, the effect of the roller decreases and the effect of the vibrations of 
the tractor increases. For purely cohesionless materials, the tractor has much 
the preponderant effect. When the grading of the material approaches that 
of fine concrete aggregate, the rollers are not effective at all. For this and 
coarser material, even the tractor loses its effectiveness, so that considerable 
compaction is impossible with present methods, 


oe 
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(c) Compaction of Cohesionless Soils —Of the compaction tests made in the 
United States, the most extensive series are those made by the U. 8. Engineer 
Office, Boston District, on the cohesionless soils for the Franklin Falls Dam.? 
The results of these tests and other less extensive investigations by the Army 
Engineers, in connection with that dam, are summarized in Tables 1 and 2. 


TABLE 1.—Tyve or Matpriats TESTED 


MATERIALS* 
Description 
A B Cc D 
Fine Medium Well graded Coarse 
MvperOMMAPCriall.i1. ques slew hs cise Silty Fine Silty Well graded 
: ) Sand Sand Fine to coarse sand Sharp sand 
Percentage passing 200 sieve....... 55 to 75 11 to 14 15 5 
Percentage retained on j-in. sieve. . 0 2 15 10 
Effective size, in millimeters....... 0.02 0.07 0.06 + 0.09 + 


« A and B as in the Franklin Falls report; A, B, and C were compacted during the same summer and 
with the same equipment. 


TABLE 2.—Tyvr or Equipment UsEp 


Item Tone Total weight Unit weight Pressure contact 
No. yp (1b) (Ib per sq in.) assumption 
(a) Stvcte Rouumrs Usep ror Marerrars A, B, anp C 
Spe PU rOCOL geil cr-lete sich: Velele sabres sieilaiaers) o's 29,450 8.7 Bsc 
DE MPSMOOLHITOUER. sisi cleats cele = s's oss 3 7,836 25.6 6 in. 
SeeiMDisk rollers ca stiye cueetee. loko sere 19,900 98.4 9 in. 
4 | ‘‘Large-foot” sheepsfoot roller......- 4,185 84.5 1 row of 4 ft 
5 | ‘‘Small-foot’’ sheepsfoot roller........ 4,858 115.0 2 rows of 4 ft 
6 | Altered sheepsfoot roller¢...........- ae 230.0 1 row of 4 ft 
(b) Dovste Router Usep ror Marerrant D 
ED TAC EOL o) olelisle|sicceie ¥s.6'= ce cleo cle! vo" hs 41,500 7.2 ee 
5 able MOLLOR Norah, oleudtencte oot siaistevoce 9,700 (total) 220.0 1 row of 8 ft 


«Same as No. 5 except every other horizontal row of feet removed; feet were not staggered. 


The conclusions drawn from the Franklin Falls original and supplemental 
tests were as stated in the following paragraphs, (1) to (9). 


(1) Tractor Alone.—It was found that the use of a tractor alone gave results 
which were inferior to those obtained from the combination of the tractor with 
the disk or sheepsfoot rollers when used for the fine and medium materials, 
A, B, and C; but with the very coarse material, D, it was demonstrated that the 
tractor alone gave the same compaction as with a tractor-drawn sheepsfoot. 
However, with the coarse material, such compaction was not great and, in order 
to obtain a high degree of compaction, either a different rolling procedure, 
heavier rolling equipment, or basically different methods must be used than 
have been used in previous tests. 


2'*Compaction Tests and Critical Density Investigations of Cohesionless Materials for Franklin Falls 
Dam,” U.S. Engineer Office, Boston, Mass., April, 1938 
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It is believed that, even in fine cohesionless materials, a very heavy crawler 
tractor has the preponderant direct effect on compaction, which is accounted 
for by the vibration transmitted from the motor through the treads. Although 
rollers are of limited assistance for direct compaction on cohesionless materials, 
the pockets made by them assist indirectly by providing a means for the 
necessarily large quantity of water to get into the finer materials. Material D 
in Tables 1 and 2 was so coarse that the rollers were not necessary to get the 
water into it. 

(2) Rollers (General).—Although rollers give relatively less direct compac- 
tion than the tractors, the added assistance to direct compaction which they 
do give, in well-graded, silty, cohesionless materials, as well as in fine and 
medium cohesionless material, warrants studies to determine the most suit- 
able type. 

(3) Smooth Roller—The tractor-drawn smooth roller produced relatively 
high compaction at the surface but less near the bottom than with other 
equipment, or even with the tractor alone. 

(4) Disk Roller—For materials A and C, Table 1, the tractor-drawn disk 
roller gave results that were slightly better than those obtained by the tractor- 
drawn sheepsfoot rollers for the 12-in. and 18-in. layers. With the sheepsfoot 
roller on layered embankments, the top of the layer surface was rather broken 
by kneading action and remained comparatively uncompacted under overlying 
layers, giving a jagged appearance to the depth-compaction curves, whereas 
the disk roller apparently did not produce such irregularities in these curves. 

However, it will be noted that the disk roller weighed about four times as 
much as the sheepsfoot rollers. This has two effects. It not only tends to 
add compacting weight to the lower part of each layer, but principally, because 
of heavier hauling duty, results in greater laboring and vibration of the tractor 
—that is, the tractor accomplishes more by the additional vibration and shear 
effect produced by having to draw the heavier disk roller. Thus it was not 
demonstrated that a disk roller will give the same compacting effect as a 
sheepsfoot roller of the same weight. However, the disk roller was designated 


as one of two types of acceptable rolling equipment at the Franklin Falls Dam. 


(5) “Large-Foot”? Sheepsfoot Roller—The “large-foot” sheepsfoot roller 
7 abandoned as its results were inferior to the small-foot sheepsfoot 
roller. 

(6) “Small-Foot” Sheepsfoot Roller—The “small-foot’’ sheepsfoot roller 
was found more satisfactory than the two other types investigated and was 
adopted for one of the two permissible types for the Franklin Falls Dam. 

(7) Altered Sheepsfoot Roller—This type of roller was obtained by re- 
moving every other horizontal row of feet from the “small-foot’’ sheepsfoot 
roller. This resulted in double the unit feet pressure since only half the number 
of rows of feet were in contact. 

The results obtained by this roller on material A were not materially 
different from those obtained from the “small-foot” roller. Thus, although 
the unit pressures were doubled, the coverage was only one half for the same 


number of passes. Also the greater spacing of the feet resulted in less kneading 
action. 
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Moreover, since alternate rows of feet of the ‘‘small-foot” roller were 
staggered, the removal of every other row left the altered roller without 
staggered feet. This also reduced the kneading action. This type of roller 
was abandoned for use at the Franklin Falls Dam. 

(8) Tampers.——Tamping equipment has not been used as the principal 
means of compaction of earth fills on any large projects in the United States, 
but several have been designed and used in Germany. Their principal draw- 
back so far is lack of ruggedness. Reports indicate that the machines shake 
themselves to pieces while shaking down the fill. 

Two types of tamping equipment were tested at Franklin Falls, one con- 
sisting of a drop-weight tamper weighing 2,164 lb and falling 18 in., and the 
other a pile-driving air hammer, specially mounted. Although these units 
were believed to be indicative of those attainable with practical equipment 
designed on the same principle, the results of tests on material A were inferior 
to those obtained by either rolling equipment or vibration. The ordinary 
penumatic hand tamper has been used successfully, of course, for all types of 
material in confined spaces not capable of being reached by rollers. 

Also, for places inaccessible with rollers, a type of domestic hand tamper, 
consisting of a simple gas engine with tamper feet, has been used successfully 
in the United States for similar conditions. This equipment is self-contained 
and does not require leads to the original source of power. It can be operated 
by one operator but the use of two or three men was found most economical on 
San Gabriel Dam No. 1. Foreign equipment of this type has not proved 
successful. : 

(9) Vibrators.—Although experience with vibrating machines in Germany 
has indicated successful possibilities for the compaction of cohesionless soils, 
similar equipment has not been developed commercially in the United States. 

An electrically operated concrete surface-type vibrator with a frequency of 
3,600 vibrations per min, operating on an 1l-in. by 48-in. platform, and a 
pneumatically operated internal concrete vibrator of 22 in. diameter and 6,000 
rpm were tried out for the cohesionless material at Franklin Falls. 

Although these units were believed to be indicative of those attainable with 
practical vibration units especially designed for operations on a large scale, the 
results of tests on material A were inferior to those obtained by rolling equip- 
ment. In addition, honeycombing caused by trapped water, resulting in water 
voids up to the size of walnuts, was discovered. 

These tests were made on material A which was of relatively low permea- 
bility. Similar tests on material of high permeability might prove more satis- 
factory, provided (as would be necessary for success) sufficient water could be 
supplied to keep the material saturated. 

(d) Compacting Cohesive Soils—Crawler tractor-drawn sheepsfoot rollers 
have now become standard equipment for compacting cohesive soils. The 
objections to smooth rollers are the same as those described for cohesionless 
soils. Data on the use of grooved rollers for cohesive soils are very limited. 
Tampers, except for limited areas (as ‘previously described’ for cohesionless 
soils), have not been used in the United States. 
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(ce) Moisture Content—Coarse, cohesionless materials require the most water 
for optimum compaction. Coarse, cohesive soils require the minimum water 
content, and the quantity of required water again increases as the soil ap- 
proaches a clay. 

Cohesionless Soils—The maximum possible amount of water which will 
permit satisfactory operation of compacting equipment is necessary for co- 
hesionless soils. In fact, when the materials are very coarse and free draining, 
it is impracticable to retain in the voids sufficient water to obtain maximum 
compaction. 

Cohesive Soils——Economical compaction of cohesive soils is definitely tied 
to accuracy in supplying the correct amount of moisture, and frequent field tests 
are required. Too much moisture is better than too little for several reasons: 
(1) Evaporation tends to reduce the moisture as the rolling progresses; (2) an 
excessive amount of moisture is impossible, since the equipment will bog down; 
and (3) the greater this moisture content, the less will be the tendency of later 
expansion due to saturation as described in paragraph (g), under heading, 
“2. Factors Affecting Control Density of Soils.” 

(f) Thickness of Layers—The correct thickness of layers for all soils is a 
function of the equipment used; the nature of the material; and, in cohesionless 
materials, the permeability. The proper thickness should be determined from 
a test embankment. Within limits, there is a relation between thickness of 
layers and the number of passes required for a given density. When too thick, 
the density may vary considerably throughout the layer. All thicknesses of 
layers are specified to be measured after compaction. 

Cohesionless soils can be placed as deep as 18 in. in thickness, but 12 in. is 
usual. Cohesive soils are usually placed in 6-in. layers, although 9-in. layers 
are permissible with certain materials and proper equipment. 

(g) Passes of Rollers—As mentioned previously, the effect of the tractor 
on compaction has less effect proportionally on cohesive than cohesionless soils. 
However, it is obvious that the tractor has some effect on compaction of all 
classes of material. Test embankments are frequently compacted by two or 
three rollers drawn by a tractor, and from such tests the number of passes are 
specified. Therefore, the use of more than that number of rollers with a single 
tractor will require more passes, for the same degree of compaction, than indi- 
cated in the test fill. 

Modern practice permits the contractor to draw multiple rollers up to 
twelve with one tractor. The greater number of passes necessary to get the 
desired density are frequently paid for as an extra. Therefore, it would seem 
desirable to determine, in the test fill, the relative compacting effect of the 
roller and to specify either a limit to the number of rollers to be drawn by a 
single tractor or to increase the number of passes with increase in the number 
of rollers without extra compensation. 

For cohesionless materials, the tractor has the preponderating effect on 
compaction. Therefore, the number of passes should be defined as the number 


of passes of the tractor treads. For cohesive materials, the number of passes 
is measured by passes of the rollers. 
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Three tractor passes on cohesionless materials and six roller passes on 


- cohesive materials are about the minimum. When the required passes exceed 


> 


about seven to fourteen, respectively, the use of a heavier roller or thinner layers 
will probably prove more economical. 
(h) Mixing Materials —lIt is seldom necessary to mix two available materials 


_ for the purpose of obtaining a combined mixture of a desired gradation in the 


construction of a dam, since materials of different gradation can be most 
economically used in dam construction. However, mixing is sometimes re- 
quired for other purposes when: 


(1) Certain cohesive materials containing too much water for successful 
compaction are mixed with relatively dry materials, or 
(2) When broken rock not suitable for rock fill is to be mixed with soil. 


The first item, or mixing to adjust the water content, is not necessarily 
mixing in the true sense of the word, since the materials have only to be placed 
in juxtaposition in order for some water, during rolling, to pass from the wet 
to the dry soil. This may be accomplished successfully when the wet layer 
underlies the dry layer in the borrow pit and a single scoop of the shovel en- 
counters some of each; or the materials may be placed in alternate layers on 
the dam. 

Shattered shales, from necessary excavations, not suitable by themselves 
in dam construction, have been mixed successfully with suitable soil in dam 
construction. Extensive tests on this procedure have been conducted by the 
Pittsburgh, Pa., District of the Army Engineers. 

It has been found that a mixture of two parts of soil to one part of shale will 
be safe if properly handled. The mixing is accomplished by depositing wind- 
rows of each material and mixing with a bulldozer. Successful mixing is 
accomplished when the shale particles are completely embedded with no 
cavities for the shales to occupy if they should disintegrate. 

(i) Compacting Foundations—No method has yet been devised for com- 
pacting foundations composed of cohesive materials. The use of dynamite is 
the only method successfully used for compacting cohesionless foundations. 
At the request of this Sub-Committee, A. K. B. Lyman,’ M. Am. Soc. C. E., 
has written a paper on this subject. 


4. GAGINGS FOR Dams 


(a) Settlement Gages.—The purpose of settlement gages in dams is: (1) To 
check theories of settlement; and (2) to determine if a fine saturated soil in the 
dam and in the foundation is settling as fast, and hence is attaining strength 
as fast, as anticipated. 

Fig. 4 shows two types of vertical settlement gages. Type A contemplates 
the use of a small pipe set in a vertical position in the earth fill, or its foundation, 
and welded at the bottom to large, spreading base-plates resting on a sand 
pocket in the fill or in the foundation material. Each base-plate is shown slotted 
so that the next pipe can pass through it and thus bunch the several pipes from 
different levels more closely than they could be bunched if the base-plates were 


fe EAT OS Ce ees 
3“Compaction of Cohesionless Foundation Soils by Means of Explosives,” by A. K. B. Lyman, Pro- 
ceedings, Am. Soc. C. E. (publication pending). 
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| 
not slotted. Brackets are shown welded to the pipe and base-plate to furnish © 
stiffnesss at the joint. Three or four such brackets for each connection would — 
probably be desirable. On the other hand, it might be still more desirable if 
the entire base-plate were made of a ribbed casting in order to spread the re- 
sistance better over a considerable area and furnish greater stiffness of the 
base-plate than could be had with plate steel. 

With a sufficient spread of the base-plate and using flush joint pipe itu is 
probable that the resistance of the base-plate to vertical movement through 
the material of the fill would be sufficient to overcome the friction of the soil 
with the vertical pipe and cause the pipe to respond accurately to the settlement 
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at the elevation of the base-plate. However, if there is any question about this 
movement, then each pipe should be surrounded by a guard pipe to allow free 
movement to the inner pipe with reference to the soil and thus eliminate the — 
friction. 

By means of this apparatus, and with the pipes protruding above the ail 
with the cap provided with a small hole to permit equalization of air pressure 
at all times, it would be possible to measure settlement by keeping track of the 
elevations of the tops of each pipe and to measure water level of hydrostatic 
level at each elevation by sounding the water elevation in the pipe. In a very 
tight soil with a small yield of water it is possible that evaporation from the — 
pipe would somewhat obscure the indication, but with a large sand pocket and 
large base-plate and relatively small pipe it is believed that the yield would be — 
enough in almost any material to reduce the errors due to evaporation to a very 
. small, if not negligible, amount. / 
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The installation of such pipe in the earth fill as it builds upward: (1) Would 
~ require putting a barrel around the group of pipes extending above the surface 
of the fill and routing the fill equipment, graders, rollers, etc., around this spot, 
resorting to hand tamping immediately adjacent to the pipe where the roller 
could not function; or (2) it would involve digging a pit down each time to the 
buried tops of the pipes, putting on a short extension which would not protrude 
- above the surface of the fill, capping the pipe, and backtamping so that the 
fill could proceed again for, say, a 5-ft lift above the ends of pipe, at which time 
they would be uncovered again and extension made. An inverted cap M 
(Fig. 4(a)) could be put over the end of each pipe to permit rolling across the 
fill above the pipe without putting a load on the end of the pipe. At each time 
of such uncovering the elevation of the top of each pipe would be measured 
before and after putting on the extension so that a progressive record of settle- 
ment during construction and at each elevation would be obtained. 

Gage B, shown in Fig. 4(0), is in use by the U.S. Bureau of Reclamation. 
The plates are welded to sections of pipe which are installed with sleeve joints 
to adjacent pipes so that the entire apparatus can telescope as required to 
accommodate itself to the settlement. Settlement is measured by a device in 
the form of a plumb-bob with two ears which is lowered into the pipe and drawn 
up until the ears engage the bottom of each section of pipe. Elevation is then 
read, after which a wire will fold in the ears and permit raising the device out 
of the hole. This arrangement offers the advantage that no guard pipe need 
be provided, and only one vertical pipe assembly is needed instead of several 
corresponding to each level at which the settlement is to be determined. 
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Gage C, shown in Fig. 5, has been suggested to avoid the objectionable 
feature of having to install vertical gage pipes in the earth fill as it builds up- 
ward. The idea for this gage was originally suggested by E. B. Smith. It 
contemplates the use of nearly horizontal pipe leading from the point of mea- 
surement to the outside of the fill instead of the use of vertical pipe. The hori- 
zontal pipe can be buried in a trench and carried to an observation station out- 


4 Bulletin No. 112, lowa Eng. Experiment Station, Lowa State College, Ames, Iowa. 
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side of the fill and at the level required, after which it constitutes no nuisance . 


or obstruction to the future fill operations. 

The apparatus consists of a 2-in. enclosing or drainpipe, C, extending into 
the fill as shown in the assembly sketch of Fig. 5 at such an angle that, for any 
anticipated settlement, it will always drain to the outside ofthedam. Threaded 
into the drainpipe, C, is a 3-in. leveling pipe, D, which extends from a tank, E, 
outside of the dam, to a gage box, F. This pipe is curved at each end to take up 
expansion and contraction. 

To determine the settlement of the dam at the elevation of the gage box it 
is necessary to fill the leveling pipe, D, and tank, HZ, with water until it overflows 
into and out of the drainpipe, C. The level of the water in the tank, EF, will 
then be the same as that at the upturned end of the leveling pipe, D, in the gage 
box. The original elevation of the latter being known, the settlement can be 
determined easily. 

In order that the drainpipe will drain after total settlement of the dam has 
occurred, it is recommended that it be given an initial slope such that it will be 
level after an extremely liberal estimate of differential settlement at each end 
has taken place. Should the drainpipe, C, crack, due to unequal settlement or 
heavy rolling, it will still drain and the leveling pipe should still remain intact. 
The drainpipe must be large enough to drain when only partly full because, 
should it fill, a siphonic action will develop and defeat the purpose of the test. 
Assuming the initial slope of the drainpipe is 3 ft, Fig. 5 indicates that the tank 
would be about 5 ft 8 in. high. Assuming the leveling pipe to be empty, the 
cock, B (Fig. 6), under the tank, H, should be closed and the tank filled with 
water. This will require 2 gal of water. 

After the tank is filled, the cock is opened full and the water allowed to fill 
the leveling pipe. This procedure will force out any air which may be entrapped 
inaslight summit. The tank will hold more than enough water to fill the level- 
ing pipe, and the surplus will spill into and run out of the drainpipe. When the 
surges in the tank have ceased, it is necessary to add more water slowly until 
the addition of a slight amount will no longer result in a rise of water surface. 


The large diameter of the tank, compared with that of the leveling pipe, will - 


result in very slight surges, but such as do occur can be reduced by cracking 
the cock, B. Should the leveling pipe be full, when a reading is desired, the 
same procedure should be followed to force out any air which has accumulated. 
In cold climates the gage may be drained after each measurement through the 
plug, G. However, kerosene or antifreeze mixtures can be used. 

Gages of this type have been installed at Tionesta, Pa.; Kingsley, Nebr.; 
Pinopolis Dam, South Carolina; San Gabriel No. 1, California; and Caddoa, 
Colo. It has been used also in a number of highway fills in Iowa. Reports of 
its use have been very satisfactory. 

Fig. 5 shows an installation for only one gage. Obviously, by extending the 
drainpipe and using additional leveling pipes, additional gages at about the 
same level may be installed. The drainpipe may be used also to contain 
connections to hydrostatic-pressure or earth-pressure gages if desired. 

(6) Water-Pressure Gages—Gages for measuring the hydrostatic pressure 


~~ 


of water are for the purpose of checking flow nets and also to determine if any 
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detrimental hydrostatic pressures exist in the dam or the foundation. They 
_ are of two types—piezometers and direct-pressure gages. 

The piezometer type consists simply of a vertical pipe, set in the dam, the 
lower end being open to allow pore water to enter. The elevation of the water 
in the pipe measures the potential of pore pressure at its lower end. 

Sometimes the pipe is perforated throughout its length. In this case the 
’ measured potential is the average between that at the lower end and that at 
the phreatic line. This will usually be less than that at the phreatic line. The 
Sub-Committee sees no object in using perforated pipe. 
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The use of such piezometers is usually for the determination only of the 
elevation of the phreatic line but sometimes to determine pore pressures at 
various places as, for instance, when separating pore pressures from total 
pressures obtained by total pressure gages as described subsequently in para- 
graph (c), under heading ‘4. Gagings for Dams.” 

When used to determine the phreatic line, the lower end of the piezometer 
should be only slightly below that line, since, if it is below, it will give readings 
which are too low by an approximate amount: 


Ge! GE Ger cine oe iganah en. ol TT ea (1) 
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in which, as in Fig. 7, d = the depth of lower end of piezometer below the > 
phreatic line; and @ = the angle of the phreatic line with the horizontal. | 

The lower end of the piezometer pipe should be encased in a pocket of sand 
to assist in collecting or discharging water due to fluctuations in piezometer 
readings. Piezometers may be combined with gage A, as shown in Fig. 4(a), 
but not with gage B, as shown in Fig. 4(0), since the latter is not watertight and 
is subject to the same objections as previously described for perforated pipe 
piezometers. Ka, 

A piezometer pipe can be carried horizontally from any point in the dam to 
the outside, and from thence be connected to a piezometer running up the face 
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of the dam or to a pressure gage. The horizontal pipe in the dam could be 
carried in the enclosing pipe of gage C’, shown in Fig. 5. Single-pipe horizontal 
piezometers are likely to entrap air and thereby invalidate readings. Double 
pipes that can be flushed out are preferable, as described subsequently. 
Piezometers are quite satisfactory in pervious materials and are most — 
frequently used in such cases. However, for very impervious materials, it 
takes too long for the piezometers to adjust themselves to changes in pressure. 
Even with the lower end terminating in a sand pocket, as previously mentioned, 
a material change in pore pressure may take days or weeks to manifest itself in : 
a piezometer. 
Of course, there is the same objection to vertical piezometers as there is to — 
vertical settlement gages, as previously described, if installed during the con- _ 
struction of the dam. However, it is possible to install them later by jetting — 
in sandy material or borings in cohesive material. The difficulty for cohesive — 


° 


. 
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_ material is that, as explained heretofore, the desirable sand pocket at the foot 
- of the pipe would be missing. For these reasons, except for very pervious 


materials, a positive pressure indicator, which does not require a flow of water 
to the gage in order to register, is desirable. 

A gage of this kind® has been used, consisting of a small chamber within 
the dam in which there is a flexible diaphragm, on one side of which is pore 


_ water and on the other side pressure water supplied through a pipe from a gage 


on the outside of the dam. The gage registers the pressure required to balance 
the pore pressure and move the diaphragm slightly. Such movement is indi- 


cated electrically through a conduit which also is used as the pipe to supply 


the pressure water. However, electrical troubles have caused the abandonment 
of this type of gage and the U. S. Reclamation Service has devised the type 
indicated in Fig. 8. Pore water enters the open end, passes through the porous 
disk, and enters the chamber A. The supply and return pipes lead to the out- 
side of the dam. They are kept constantly full of water and are connected to 
a Bourdon gage which measures the pore pressure. Two pipes are used so that 
the water in the pipes can be circulated to remove accumulations of air which 


' would cause errors of measurement. 


Manufacturers of Bourdon gages will guarantee $% to 1% accuracy for 
standard instruments and as low as } of 1% for instruments which are specially 
calibrated for small variations in head. 

(c) Soil Pressure Gages——The Sub-Committee has been unable to contact 
any one who has used successfully any type of soil pressure gage when installed 
in firm soil and entirely surrounded by soil. This is attributed to the arching 
effect of the earth where applied to the measuring diaphragm used in gages 
which have been tried out. Fair results have been obtained from such gages 
when they have been attached flush with concrete walls embedded in the soil. 

Where installed in semi-liquid soils, as for the installations in the cores of 
the Miami dams, this arching effect is not noticeable, and reliable readings have 
been obtained. The usual type of gage used for this purpose is the Gold- 
beck Cell.® 

Soil pressure gages of the usual type register both soil and water pressure. 
Therefore, if the soil pressure alone is desired, a water pressure gage must be 
installed adjacent to the point in question and its reading be subtracted. 

Respectfully submitted: 
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5 See Engineering News-Record, August 17, 1939, p. 52. 
6 Soil Mechanics Bulletin, U. 8. Waterways Experiment Station, September 1, 1939, p. 13. 
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GENERAL WEDGE THEORY OF EARTH 
PRESSURE 


Discussion 


By KARL TERZAGHI, M. AM. Soc. C. E. 


Kar, Trrzacut,2’? M. Am. Soc. C. E. (by letter).277—Mr. Peckworth sug- 
gests that the paper would not be complete without discussion and experiments 
proving or disproving three statements concerning cohesive earth, designated 
A, B,andC. Since Mr. Peckworth admits himself that there is no such thing 
as an angle of repose of cohesive earth, a discussion of statement A appears to 
be unnecessary. Statement B does not refer toa controversial subject. Every 
one of the existing theories of earth pressure leads to the conclusion expressed 
by this statement, and the writer does not know of any observations which are 
at variance with this conclusion. 

The observations described by Mr. Peckworth in connection with his state- 
ment C seem to indicate that the break in the ground behind a vertical bank 


with a height h always occurs at a distance 3 from the rim of the bank. This 


statement agrees with the writer’s experiences. All the breaks of this category 
which are known to the writer from personal experience have one important 
feature in common. All of them started with the formation of a tension crack 


at a distance ” from the rim of the bank. Once this crack had developed the 


bank was permanently weakened and sooner or later it failed along a curved 
surface of rupture which connected, in some manner, the bottom of the crack 
with the foot of the bank. This observation led the writer to the tentative 
conclusion that the tensile stresses on the horizontal surface next to the upper 


4 . : , , : h 
rim of a vertical bank in cohesive earth are a maximum at a distance 5 from 


the rim of the bank. In order to determine whether this rule is also valid for 
perfectly elastic materials, the writer made model tests several years ago, in 


Nore.—This paper by Karl Terzaghi, M. Am. Soe. C. E., was published in October, 1939, Proceedings. 
Discussion on this paper has appeared in Proceedings, as follows: January, 1940, by Howard F. Peckworth, 
M. Am. Soc. C. E.; February, 1940, by Jacob Feld, M. Am. Soc. C. E.; April, 1940, by M. G. Spangler, 
‘Assoc. M. Am. Soc. C. E., and June, 1940, by Donald M. Burmister, Assoc. M. Am. Soc. C. E. 


27 Dr. Ing., Visiting Lecturer, Harvard Univ., Cambridge, Mass. 
27a Received by the Secretary September 4, 1940. 
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his Vienna (Austria) laboratory, with a vertical bank made of gelatin and de- 
termined the tensile stresses along the upper horizontal surface from the re- 
sults of strain measurements. The results are shown in Fig. 12. The dotted 
line represents the deformation of the bank due to its own weight, and the 
ordinates of the plain curve with reference to the section through the upper hori- 
zontal surface represent the horizontal tensile stresses o, along this surface. 


h . 
These stresses are a maximum at a distance of about 5 from the rim of the bank. 


Hence, if a vertical bank of gelatin fails, it fails in the same manner as a bank in 
cemented sawdust, hard rock, or stiff 
clay. The mechanical properties of 
the bank material merely influence, 
to some extent, the shape of the sur- 
face of rupture between the bottom 
of the tension crack and the foot of 
the bank. 


their validity for soils without any 


3 shows that the shape of the surface 
of sliding in a mass of sand behind 
the vertical sides of a timbered cut is 
very similar to the surface of rupture 


shown in Fig.12. For an angle of in- 
ternal friction, ¢ = 31°, and an angle 


wedge theory for cohesionless mate- 
rials leads even to the conclusion that 
the surface of sliding in the sand in- 


Fie. 12 


i 
7 


The preceding conclusions lose 


cohesion, such as clean sands. Fig. 


in a cohesive material, such as that — 


of wall friction, 6 = 26°, the general - 


tersects the horizontal surface at a 
distance equal to one half the depth of the cut. This surface of sliding is 


practically identical with the surface of rupture, shown in Fig. 12; yet all these 
similarities are purely accidental and have no significance. For values of ¢ 
greater than 31° the distance between the upper rim of the cut and the upper 


edge of the surface should be smaller than ; . -Since the angle of internal fric- 


tion of sands is very seldom smaller than 31°, the width of the top of the sliding ; 


wedge adjoining the sheeted sides of cuts in sand should, as a rule, be smaller 
h . . 
than 5° The experiences of the writer confirm this conclusion. In some cases 


the writer found that the measurable settlements of the surface next to cuts in 
_ sand did not extend beyond a distance of 0.4 h. 


At the end of his discussion Mr, Peckworth requests the definition of several — 


of the terms which are used in connection with earth pressure. The writer 
suggests the following: 


Ramp seek oe 
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_ “Active earth pressure’’ is the pressure exerted by the earth on a yield- 
ing lateral support at the instant when the earth fails by sliding in a down- 
ward direction along an inclined surface of sliding. 


In sandy soils a very small lateral yield of the support is normally sufficient to 
reduce the lateral pressure of the earth to a value close to the active earth pres- 


sure. Therefore, the designer is usually justified in assuming that the lateral 


pressure of a sandy soil on a slightly yielding lateral support is approximately 
equal to the active earth pressure. However the yield required to produce 
actual shear failure in the soil can be many times greater than the yield required 
to approach closely the active earth pressure. 


“Passive earth pressure” is the greatest lateral pressure that can be 
exerted on a soil by a structure such as an arch bridge abutment or the 
lower part of a sheet-pile bulkhead. 


The mobilization of the passive earth pressure is associated with a lateral com- 
_ pression of the soil. Even in sandy soils the lateral compression required to 
increase the lateral earth pressure to a value close to the passive earth pressure 
is very considerable. Hence, if the stability of a structure depends on the lat- 
eral resistance of the earth, one should never count on more than one third, or 
at the most one half, of the computed value of the passive earth pressure. 


The “angle of repose” is equal to the angle between the horizontal and 
the slope of a heap of soil produced by dumping the soil from some elevation. 


For perfectly clean and dry sand or gravel the angle of repose is fairly independ- 
ent of the height of the heap and the method of dumping, and it is approximately 
equal to the angle of internal friction of the sand in the loosest state. The 
angle of repose of moist sand and of cohesive soils depends essentially on the 
height of the heap and on the method of dumping. Hence, in connection with 
such soils, the angle of repose has no meaning. 

The “angle made by material pushed off the slope from the top” depends 
on the degree of disintegration prior to the process of pushing and on the weather 
at the time of pushing. In the rainy season the material may flow off without 
being pushed. Hence, no definite rules can be established. 

The term “angle made by the line of rupture and the face of a sheeted 
trench” has no definite meaning because this angle increases from a maximum 
value at the toe of the bank to zero degrees at the upper surface, as shown 
in Fig. 3. The angle at the toe of the bank depends on both the angle of 
shearing resistance ¢ and the angle of side friction. If these two values are 
known, the slope angle of the surface of sliding at the toe of the bank can be 
determined with close approximation by means of Mohr’s diagram. 

Referring to the results of the measurements of the pressure in a subway 
cut in Berlin, illustrated by Figs. 4 to 9, Mr. Feld expressed the opinion that 
the results of field measurements of lateral pressure in back of sheathing are 
too indefinite to be of any value because “Slight changes in the bracing as 
installed change the reactions entirely.” It will be shown in the following that 
the scattering of the measured strut pressures from the average is by no means 

as important as the appearance of the curves in Fig. 9 would seem to indicate, 
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Nevertheless, no matter how important that scattering may be, every one of 
the struts must be made strong enough to stand the greatest pressure that may 
act on it under the most unfavorable field conditions, because the failure of a 
single strut is likely to cause a failure of the entire bank support. Therefore, 
every designer has a vital interest in securing information on the greatest 
possible deviations from the statistical average, and this information can be 
secured only by pressure measurements in full-sized cuts such as those de- 
scribed in the paper. 

Regarding the results of the measurements, Mr. Feld merely commented 
on the scattering of the empirical pressure distribution from the statistical 
average. However, from a practical point of view, the designer is chiefly in- 
terested in the deviation of the measured values from those theoretical values 
on which the design is based. Therefore it may be more interesting to com- 
pare the measured values with those obtained by theory. 

In 1936 the writer proposed,® on the basis of theoretical considerations, 
that the triangular pressure distribution should be replaced by the pressure 
distribution represented by the trapezoidal area A BC D in Fig. 9. The size 
of this area is equal to 1.12 times the theoretical pressure Pa, determined by 
Equation (1). The factor 1.12 represents a margin for the inevitable scatter- 
ing of real pressures from the statistical average. In order to compare the 
errors associated with the traditional and the proposed method of computing 
the pressures in the struts, assume that the soldier beams are cut immediately 
below point D in Fig. 13 and hinged at the elevation of the struts Nos. 2 to 4. 


Strut No. P, R P (Measured) 
A Surface at Profile 7 
1 7.3 24 7.5Tons é - 
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2 x fos = 8.7 Tons 
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At point D they are freely supported. The unknown horizontal pressure on 
the support at D is assumed to be equal to 10% of the sum P,_4 of the measured 
pressures on the struts 1 to 4. Hence, the total lateral pressure on the sheath- 


_  **Distribution of the Lateral Pressure of Sand on the Timbering of Cuts,” i 
ings, International Conference on Soil Mechanics and Foundation uct Vol. I Canbriae toe. soca 


seme n> 
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ing is equal to 1.1 P:_4 for each profile. The values of the pressures on the 
~ individual struts and the data concerning the elevation of the struts with refer- 
ence to the surface of the ground have been published.!° For profile 7 these 
data are given in Fig. 13. At the site of this profile the cut has a depth of 
11.5 m (37 ft 9 in.). The measured strut pressures are listed in the figure 
_ under the heading ‘‘P.’”’ The sum P;_, of these pressures is 45.5 tons. (In 
this profile the pressure in the highest strut has not been measured. In the 
other profiles it ranged between 6.5 and 8.5 tons. Hence, it is assumed that 
the pressure in the highest strut is equal to 7.5 tons.) Thus, the total lateral 
pressure on the sides of the cut adjoining profile 7 is equal to 1.1 times 45.5 = 50 
tons. If this pressure acts like a hydrostatic pressure, the triangle A ED, 
Fig. 13, representing a total pressure of 50 tons, is obtained as a pressure area. 
The strut pressures produced by this load-are listed in the figure under the 
heading “‘P,.’’? On the other hand, if the load is assumed distributed over the 
sides of the cut as indicated by the trapezoidal area A BC D, representing a 
* total pressure of 1.12 times 50 = 56 tons, the resulting pressures are as listed 
in Fig. 13 under the heading “P;.” The three columns of numerical values 
show at a glance that the errors associated with the traditional method of com- 
putation represented by the column “P,” are intolerable. For the highest 
strut the measured pressure is more than three times greater than the computed 
one. On the other hand, the agreement between the measured values and the 
computed values P; is very satisfactory. 
A similar computation has been made for profiles 4 and 10 which represent 
the most abnormal profiles in a set of seven. Table 1 contains the ratio be- 


Merasurep Srrut PRESSURE 
TABLE 1.—Ratios oF =———a—— pom 
CoMPUTED STRUT PRESSURE 


eee 


PRoFILy Nos.: 


Strut No. 
(see Fig. 13) = 

4 i 10 
a 1.19 1.03 ele 
2 0.60 0.88 1.06 
3 0.99 0.85 0.91 
4 0.77 0.68 0.42 

ee EE — 


- tween the measured strut pressures P and the values P,computed by means of 
the trapezoid method. The table shows, first of all, that the errors associated 
with the method of computation proposed by the writer are much smaller than 
those involved in the traditional method of computation (see values of P. in 
Fig. 13). Second, it shows that the highest ratio between the measured and 
calculated values for the strut pressures is considerably smaller than the lowest 
customary factor of safety. Hence, a low factor of safety seems to be sufficient 
for taking care of the influence of unequal wedging and other accidental features 
of the construction operations on the pressure in the struts. However, the 
method of computation proposed by the writer involves a radical departure 
from accepted practice, and no conscientious engineer can be expected to change 


10 ‘*Mitteilung tiber die Messung der Krafte in einer Baugrubenaussteifung,” by A. Spilker, Die Bau- 
technik, 1937, Heft 1. 
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his methods without ample empirical evidence that the proposed modification 
is justified. This evidence can be obtained only by pressure measurements in 
full-sized cuts. Since the paper was published in Proceedings (October, 1939), 
such measurements have been made in one cut in Boston, Mass., and in four 
cuts in Chicago, IIl., with a depth from 30 to 50 ft. Although all these cuts 
were made in clay, the distribution of the lateral pressure on the sheathing is 
strikingly similar to that shown in Fig. 9 of the paper, for a cut in clean sand. 

In the last paragraphs of his discussion Mr. Feld commented on the writer’s- 
disregard of the reaction taken by the soil from the embedded portion of the 
soldier beams supporting the sheathing. His objections are shared by Pro- 
fessor Spangler. Both discussers seem to believe that the high position of the 
centroid of the lateral pressure illustrated by Fig. 9 is chiefly due to the influence 
of the neglected reaction on the distribution of the lateral pressure. According 
to this conception, the real distribution of the lateral pressure should be very 
different from that shown in the figure and much more similar to the hydro- 
static distribution. 

The writer ignored the lower reaction because he believes that its influence 
on the distribution of the lateral pressure is too small to be of any practical 
consequence. The reasoning which led him to this opinion is illustrated by 
Fig. 14, which is a section through the cut at profile 7. The measurements in 
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the field furnished the values for the pressure on the struts at points 1 to 4. 
They were equal to 7.5, 17.0, 14.0, and 7.0 metric tons (16,500, 37,600, 31,000, 


a ‘ 
Depth of Penetration~ 


and 15,400 Ib), respectively. In order to estimate the corresponding distribu- — 


tion of the lateral pressure, the writer assumed that the soldier beams are 
hinged at points 2, 3, and 4, and are freely supported at points 1 to 5. Then 
he determined by trial the outer boundary of a pressure area which satisfies 
the condition that the pressure is in equilibrium with the measured reactions 
at the points 1 to 4. The result of this operation is shown in curve 7 Fig. 14. 

In reality the soldier beams are continuous and they are bent as midicneee 
by the broken line in Fig. 14. In order to produce a deflection of that type 


mete a cn tema 
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~ one must add to the strut reactions P; to Py a soil reaction X. At the same 
s time one must shift the curved boundary of the pressure area from its original 
position 7 into a position 7’ in such a manner that the pressure represented by 
the shaded area shown in Fig. 14 is equal to the reaction X. The pressure 
curve 7’ thus obtained resembles the theoretical pressure curves computed by 
_ the writer® in 1936. The shaded area shown in Fig. 14 represents 10% of the 
measured pressures P; to Ps on the struts 1 to 4. The soldier beams in the 
cut in Berlin consisted of I-beams, 12 in. wide, which were driven to a depth 
of not more than 5.5 ft below the bottom of the cut. Therefore, the writer 
believes that the effect of the neglected soil reaction X on the distribution of 
the lateral pressure should be appreciably smaller than that shown in Fig. 14. 
Tn order to prove or to disprove this opinion, it would be necessary to cut 

the soldier beams at point 5 and to measure the effect of this operation on the 
strut pressures. No such operation has been performed in Berlin. However, 

- quite recently, A. Casagrande, Assoc. M. Am. Soc. C. E., has made a similar 
test on a cut in Boston, because the conditions were such that the soil reaction 
X was likely to be exceptionally important. Fig. 15 is a section through the 
cut. The soldier beams were much heavier than those used in Berlin and, 
although the depth of the sheeted part of the cut was only 21.5 ft, the beams 
were driven to a depth of 9 ft below grade into hard clay. To a depth of 18.5 
ft the cut was made with sloping sides, as shown. The remainder of the cut 
was made with vertical sides. The lagging consisted of horizontal boards rest- 
ing on the inner side of the flanges of the soldier beams. At points 1 and 2, 
Fig. 15, the soldier beams were supported by struts. At point 3 a strut was 
loosely fitted to the soldier beam without carrying any pressure. After the 
pressures P; and P, on the struts 1 and 2 had been measured, the vertical 
soldier beam was cut immediately below point 3 and the pressure on the struts 
was measured once more. In Table 2 the symbols Pi to Ps represent the pres- 


TABLE 2.—PressurE on Struts 1 To 3 BEFORE AND AFTER 
SotpieR Beams WERE Cut 


PY +P! + PY | nf 


Profile 
No. ey, Py P2 Pf Ps Pi n n Pit Ps + Ps mn 
1 11.8 12.2 10.8 9.9 0 4.6 0.76 0.65 1.154 0.85 
2 13.0 12.5 15.3 15.4 0 5.1 0.73 0.62 1.145 0.85 


sure on the struts 1 to 3, in tons, before the soldier beams were cut, and n is 
the ratio between the elevation of the centroid of the pressures on the struts 
above the bottom of the cut and the depth h of the sheathed part of the cut. 
The symbols Pi’ to Ps’ and n’ represent the corresponding values after cutting. 
The effect of the cutting on the total measured lateral pressure, and on the 
elevation of the centroid of the measured pressures, is given in the last two 
columns. These values show that the soil reaction X was approximately equal 
to 15% of the total lateral pressure, and that the elimination of this reaction 
lowered the centroid of the pressure by about 15%. In order to compare the 
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conditions for the end support of the soldier beams in the cuts in Berlin and 
the cuts in Boston, respectively, the following data may be studied: 


Item : Description Berlin Boston 
1 Total depth of penetration, in feet............ 5.5 9.0 
. height of sheathed sides 72 24 

somes 0; total depth of penetration’ "°° "°°" . 
3 Weight of soldier beams, in pounds per foot.... 50.0 53.0 
4 Width of soldier beams, in inches............. 12.0 12.0 
5 | Width of flanges, in inchés27."0'.0... 2S. ene 6.0 12.0 

6 Area of contact between soil and the outer face of 

the flange in the buried part of the soldier beam 2.8 9.0 


These values show that the lower ends of the soldier beams in Berlin were 
very much less confined than those in Boston, and they were much more flex- 
ible. . In Boston the soil reaction X was about equal to 15% of the total lateral 
pressure. Hence, the writer feels justified in assuming that the influence of 
the neglected soil reaction X in Berlin on the intensity and the distribution 
of the lateral earth pressure was much less important than the influence in- 
dicated by the shaded area in Fig. 14. In order to eliminate, entirely, the error 
due to disregarding the soil reaction X, future measurements in cuts with 
soldier beams should be combined with measurements of the effect of cutting 
the soldier beams on the pressure in the struts. The author dares to predict, 
however, that the influence of the cutting on the pressures in the struts will 
usually be very small. This forecast agrees not only with the preceding an- 
alysis but also with the following field observation: In one of the cuts in Chicago 
the lower ends of the soldier beams were located above the bottom of the cut. 
Nevertheless, the centroid of the measured strut pressures was close to the 
midheight of the sides of the cut, and the value of the ratio between the eleva- 
tion of the centroid and the depth of the cut is located within the range of 
scattering of the corresponding value for the other cuts, with soldier beams 
whose lower ends were driven 5 ft into the ground. 

The method of computation represented by the trapezoidal area A B C D in 


Fig. 13 can be used if the system of bracing includes soldier beams with their | 


lower ends embedded in the ground. If no such soldier beams are used, it is 
advisable to replace the trapezoidal area A BC D in Fig. 13 by the area 
ABFD. TheareaC D F represents a substitute for the shaded area in Fig. 14. 

In his discussion Professor Burmister presents interesting suggestions re- 
garding the methods of determining the angle of shearing resistance, the dis- 
tribution of the soil reactions over the base of retaining walls, and the effect 
of drainage on the earth pressure. However, all these topics are beyond the 
scope of the paper. 

In conclusion the writer wishes to express his gratitude to the discussers 
for their stimulating comments. 
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GHANNELIZATION OF MOTOR ‘TRAFFIC 


Discussion 


By Guy KEtceEy, M. AM. Soc. C. E. 


Guy Keucry,® M. Am. Soc. C. E. (by letter).°°—To all who made sub- 
stantial contributions in presenting this most interesting subject, both in its 
original preparation and in the constructive discussion that followed, the writer 
wishes to express his appreciation. Some of the questions raised have been 
explained in a supplementary paper.” 

Mr. Waters suggests that two weak points in the theory of channelization 
are: (1) It assumes that all motorists are familiar with the arrangements at 
each crossing; and (2) it largely ignores the pedestrian. The writer feels that 
proper channelization should simplify crossing problems to the point where 
“what to do next” is obvious. If a motorist is in doubt, at any time, the chan- 
nelization treatment is not a good one or should not have been attempted until 
other conditions, which prevent a proper treatment, have been corrected. 

Channelization is not in itself a cure-all. It often solves the problem of 
the pedestrian by eliminating trouble-causing factors. Its primary purpose is 
to solve the problem of the vehicle; thereafter, greatest simplicity and certainty 
of vehicle movement having been attained, further steps to solve the pedestrian 
problem, if needed, become simpler and easier. If, then, channelization does 
not solve the difficulty in certain instances, it paves the way for the best and 
simplest solutions of pedestrian and other remaining problems. 

Mr. Crosby asks if there should not have been two more islands shown in 
Fig. 19. Islands in two opposite throats of a right-angled intersection usually 
prevent troublesome irregular vehicular movements within an intersection. If 
pedestrians are numerous the two islands are often best installed in the two 
opposite intersection throats which carry the greatest pedestrian load. If 
pedestrian flow is heavy in all directions, islands may be placed in all four 


Norz.—This paper by Guy Kelcey, M. Am. Soc. C. E., was published in December, 1939, Proceedings. 
Discussion on this paper has appeared in Proceedings, as follows: March, 1940, by Messrs. W. L. Waters, 
C. J. Tilden, and T. M. Matson; April, 1940, by W. W. Crosby, M. Am. Soc. C. E.; May, 1940, by Messrs. 
Julian Montgomery, R. M. Reindollar, Irving Mack, Bruce D. Greenshields, T. W. Forbes, and James S. 
Bixby; and June, 1940, by George H. Herrold, Hawley 8. Simpson, Arthur G. Straetz, Burton W. Marsh, 
and Virden A. Rittgers. 

50 Signal Service Corporation, Elizabeth, N. J. 

506 Received by the Secretary September 12, 1940. 

s1“*Traffic Channelization Methods,” by Guy Kelcey, Civil Engineering, October, 1940, p. 645. 
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throats for their protection and for more complete vehicular control. If no 
pedestrians are involved, islands are usually installed in opposite throats of the 
roadway carrying the least traffic unless there is need, as is often the case, to 
divide the main flow. : 

Mr. Crosby also questions if, in Figs. 31, 32, 33, 35, 36, and 37, provision 
should have been made for left turns. Roadways, which intersect at acute 
angles, usually have cross roadways behind the intersection, in each direction, 
which can be used and which eliminate the need for the left-turn provision. 
However, the solutions shown in Figs. 31, 33, 35 (if enough roadway space per- 
mits), and 37 may be adjusted to permit left turns. On the other hand, it is 
often desirable, on the grounds of expediting and safeguarding the greatest num- 
ber, to prohibit or block out the limited demand for left turns at intersections 
of this kind. 

Particular reference is made to the discussion of Professor Forbes who has 
made a new and most valuable contribution in his very clear suggestions for 
measuring psychological and physiological values. 

Discussions by Messrs. Tilden, Matson, Reindollar, Montgomery, Mack, 


Greenshields, Bixby, Straetz, Simpson, Herrold, Marsh, and Rittgers have all 


added constructively and substantially to the subject. 


Corrections for Transactions: Proceedings, December, 1939, page 1650, sen- 
tence beginning line 26 should read ‘‘In fact a study of the accident experience 
involving a large representative group of drivers in Connecticut (particularly 
accident repeaters), for a period of six years, discloses that only 1.3% of all 
drivers are accident repeaters and that 80.9% are normally efficient”; page 
1652, line 7, after “the car,” insert “the road’; page 1657, sentence beginning 
line 13 should end “ * * * to make the turn without interfering with other 
lanes of traffic’; and page 1673, end of first paragraph under ‘‘Acknowledg- 
ments” add ‘The writer acknowledges particularly, and with sincere apprecia- 
tion, many valuable suggestions, ideas, and criticisms from the following: 
Miller McClintock and Maxwell Halsey, Yale Bureau for Street Traffic Re- 


search; Robert A. Mitchell, traffic engineer of Philadelphia; E. V. Miller, Assoc. — 
M. Am. Soc. C. E., design engineer of Arizona Highway Department; Lacey 


Murrow, Assoc, M. Am. Soc. C. E., director of highways of the State of Wash- — 


ington; Harry E. Neal, traffic engineer of the Ohio Highway Department; 


W. F. Rosenwald, traffic engineer, Minnesota Highway Department; the late 
George Schlesinger, M. Am. Soc. C. E., National Paving Brick Association; 
T. J. Seburn, traffic engineer of Kansas City; Leslie Sorenson, traffic engineer, 
City of Chicago; and many others.” 
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SEALING THE LAGOON LINING AT TREASURE 
ISLAND WITH SALT 


Discussion 


! 


By JOHN W. PRITCHETT, Assoc. M. AM. Soc. C. E. 


Joun W. Pritcuett,! Assoc. M. Am. Soc. C. E. (by letter).'*—The wide 
dispersion of clay, its availability in large quantities, and the low cost of obtain- 
ing and handling it account for its increase in use and importance as a material 
for construction. With increased research and increased knowledge in the 
modes of testing and utilizing this material, there is being developed scientific 
knowledge upon which more definite conclusions may be reached as to the 
behavior of clays of various types and under various usages. The interesting 
paper by Mr. Lee is a distinct contribution to such knowledge. It brings to 
attention the importance of thorough analyses of clay materials proposed to 
be used in construction where imperviousness is important, and in localities 
where such types of clays are likely to be encountered. Whether or not such 
types are of common occurrence in a given locality is a matter that should 
receive the attention of those concerned with designing structures having clay 
as part of the structure or the foundation. 

The practicability of using clay for the purpose of obtaining impervious 
lining for salt-water storage pits in part of the East Texas oil field has recently 

become a matter of importance. An area of about 100 sq miles in the south- 
western part of this large oil field lies within the Neches watershed. On 
November 1, 1939, it was estimated that 1,567 oil wells in this field and within 
the Neches River watershed were producing salt water. The daily allowable 
production of oil in this area is 20 bbl per well. An estimate of salt water 
being produced in 1940 was 74,000 bbl per day. The maximum per well has 
been from 900 to 1,000 bbl per day. It has been estimated that at least 31 
wells were each producing 450 bbl or more per day. Analysis of the water being 


Norz.—This paper by Charles H. Lee, M. Am. Soc. C. E., was published in February, 1940, Pro- 
ceedings. Discussion on this paper has appeared in Proceedings, as follows: June, 1940, by Messrs. G. B. 
Bodman, and John D. Watson. 

1 Member, State Board of Water Engrs., Austin, Tex. 
lle Received by the Secretary August 1, 1940. 
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produced from a representative well in this area is as follows (in parts per 
million): 


Tal BOHAS n+... sales. oes O11 7010 bron, PO «ea ot 
DH. hehe. ks Abin bo eee os ce 208.2. Manganese, lesa than: - i cies 0.02 
Phosphorus alkalinity... 2.2... 770:0 =) Sodium s sxevros ee ee 0.0 
Potal alkalinity: .0 .6-.+m.0+ss400.0 se Carbonate y xi. tie aye 
Silicaeresid Us «gras casts > salons 220.0. Biearbonate~...,..07<3 a= oOo 
FRSC TOLLEY Fae i 8s & o, ba 2 See ae 65.0). Sulfates< ... 21, 25 pe hie ae 643.0 
Pixed salts’ iss, 2016.54. .58;680-09 (Chlorides 2. a9 te. enue 35,500.0 
GETTIN = ie yee ieee re ren ae 1,240.0 /e Fluoride. occa one eee 1.8 
“ULCER 572.0 zoNitrate, less than. <..'.<dv. see 0.4 
Ota HATANeSS s:2 sx) 4 ca io oe 5,443.0" > Selenium... Siac ssn eee 
Sodium (calcium)...........1,036.0 


The problem was to formulate some plan for the operation of oil wells in 
this area in such a manner that salt-water contamination of the Neches River 
could be abated sufficiently so that the quality would meet the requirements for 
municipal, industrial, and rice irrigation uses in the lower reaches of the stream, 
and would also not be harmful to fish life. As a part of this larger problem, 
tests were made on clay and asphalt samples which are interesting in so far 
as they apply to the results reported by Mr. Lee. 


TABLE 11.—Resuuts .or Sor, ANALYSIS 


Sampte No.: 


Description 
| 2 | 3 4 5 6/7 8 | 9 J1o|aa] a2 | ae | x 
(a) PHystcaAL CHARACTERISTICS 
CylindersN 02, sit-nciere's «10 opie 510 1 2 3 6 vi 10 11 12 
Density, wet, pounds per 
cubic foot...........) etajel} eto 126) 1260)" ot 122 ea) eo (lO | hee ele ee oo Al eee 
Density, dry, pounds per 
cubic foot........ steteleine Piso LO4| LOSS) "eel LOOM el 91 Le [ee 96 93 89 
Percentage of water in mix.| .. | 20] 22 | .. a NP ee 30 26h Alc 26 26 30 
Soil classification?........ Bol eo Crs gS. iCal ln |eCs Cc Suics, Cc C Cc 


(b) MucuanicaL ANALYSIS 


Colloid si(9G eles iets. s<:stevslone a]. os 18) | fa- 5 Wl lee eae: 17 2G baal east 25 35 35 
Clay and Ohoids (To) eee epics “ts 5-4 Bp 2S ee ae 27 oN eae ete 46 85 57 
Silt (To resets Staahe seke Giles. 42/10 62 6 1.28 23 43] 5] 7 42 7 36 
Fine sand (%)............ S5r| eee 25 | 27 19] 75] 17 38 17 | 50 | 57 10 8 6 
Coarse sand (%).......... Diteos 5] 13 1| 20] 78 12 5| 45 | 36 2 0 1 
Specific gravity...........] .. -» | 2.71] '.. | 2.66) 5.1] .. | 2.66) 2.701 .. | ...1 2.68] 2.79 | or7a 
Porosity (J) er. sae ste He « <'9)6| > -. | 39.5] .. | 82.8] ..] .. | 45.0] 42.7] .. |] .. | 42.4] 45.1] 47.8 
DWOIGHITOLIOS 2c a vsites te ceti| ive -» |0.652] .. |0.488] .. | .. 0.817 |0.747] .. | .. 10.736 |0.820 10.914 


*S =sand; C = clay; C: = clay loams; and C, = silty clay. 
——————————— ee 


Asphalt Sample.—A sand-asphalt mixture pressed into a cylinder about 4 in. 
in diameter and 2 in. thick was submerged in a solution containing 40,000 ppm 
chlorides. This material is similar to that used for earth stabilizer on asphalt 
highway construction. After being submerged ten days or two weeks, only 
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the slightest indication of deterioration was observed. The sample was then 
set aside, allowing the water to evaporate. After three months the sample 
was examined. It was found to be encrusted in a layer of salt crystals, but 
plainly showed cracks, indicating deterioration. On breaking away the salt 
crust, almost complete breakdown of the material was observed. The outer 
edges fell apart easily, and any part of the sample could be mashed and 
crumbled between the fingers. 

Clay Sample-—For purposes of examination and test 14 samples of clay 
were secured. These samples were considered representative of the available 
clays in the southern part of the area where proposed storage pits would prob- 
ably be constructed. The results of the soil analyses were as shown in Table 11. 

Of the 14 samples secured, eight were mixed to putty-like consistency with 
(a) city tap water, (b) water with 10,000 ppm of chlorides, (c) water with 
20,000 ppm of chlorides, and (d) water with 40,000 ppm of chlorides. Each 
mixture was rolled by hand into 2-in. balls and allowed to dry in air for 3.5 
days, the purpose being to duplicate the tests made by the author, as described 
under the heading ‘‘Tests of Salt Treatment.’’ One full set of each mixture 
was submerged to two thirds the diameter in tap water for observation. 
Table 12 shows the results of these tests. Four of the samples were duplicated 
as per mix (d) (water with 40,000 ppm of chlorides), and after 3.5 days of air 
drying, were similarly submerged, but in water having 40,000 ppm of chlorides. 
Table 13 shows the results of this test. 

In contrast with the results obtained by Mr. Lee, after submergence for 
two hours, the samples mixed with salt water showed nearly the same degree 
of disintegration as did the samples mixed with fresh water. After ten hours 
submergence most of the samples were either disintegrated or nearly so, 
whereas Mr. Lee states that his No. 3 and No. 4 showed no change in condition 
after two hours submergence. 

In addition to the foregoing tests, 70 g of each of the eight clay samples 
shown in Table 13 were well broken down after being air dried and then covered 


TABLE 13.—Tzsts or Sart TREATMENT; SAMPLES 
SUBMERGED IN SALT WATER 


ConpiITIOon ArrER SUBMERGENCE FOR: 


Sample 
No.¢ 
j Two hours Ten hours Twenty hours 
2 Disintegrated Disintegrated Disint ted 
3 One half disintegrated ® Disintegrated Thsivteerated 
9 One third disintegrated 4 Three fourths disintegrated ¢ Four fifths disintegrated > 
13 Slowly disintegrating ¢ One half disintegrated ¢ Two thirds disintegrated ¢ 


«Samples air dried for 3.5 days. Top shaped, but critical. ¢ Top fi a i 
J: Ray ive ty be riadoea teri p p critica op firm. 4 Top shaped, but plastic. 


a 
to a depth of one-half inch with water containing 40,000 ppm of chlorides. 
Three and one-half days later the surplus water was drained off and the samples 


were allowed to dry in the air to a putty-like consistency, at which stage none 
of them appeared to have lost any noticeable degree of cohesion. This material 
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was then rolled into balls and allowed to dry. After three months the balls 
were hard like baked clay, with no cracks or signs of deterioration. 

It was desirable to determine whether or not the clay samples, if used as 
lining for salt-water storage pits, would lose their cohesive properties if sub- 
merged continuously in water having a chloride content as high as that produced 
from the oil wells. The results of the investigations indicated that under proper 
methods of construction, several of the clays analyzed might be expected to 
produce a tank lining sufficiently impervious for all practical purposes. Tests 
on such samples taken from cylinders prepared in the laboratory, moulded 
under a pressure of 100 lb per sq in., showed a permeability of less than 0.025 
or 1/40 of an inch per day per foot of head per foot of thickness. Chemical 
analyses of the soluble contents of the clay samples were not obtained. 

Many storage tanks previously constructed in this area were found to be 
losing considerable water through seepage. Newer tanks have clay linings, 
with observation wells at each tank. Inspections will be made to determine 
whether or not excessive seepage losses occurred. 

The problem of providing an impervious lining for pits used for the storage 
of salt water is somewhat different from the problem presented by Mr. Lee 
where salt treatment was used to obtain a more impervious lining for a reservoir 
for the storage of fresh water. The lining of the salt water storage pits would 
not be subjected to fresh water treatment after the introduction of salt water. 
Just what effect the continuous exposure to salt water will have on the perme- 
ability of the lining is a matter of much interest. Mr. Lee’s paper brings to 
attention the importance of giving due consideration to the effect of salt on 
clay materials proposed for construction uses. 
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AXIOMS IN ROADWAY SOIL MECHANICS 


Discussion 


By A. A. EREMIN, Assoc. M. AM. Soc. C. E. 


A. A. Eremin,’ Assoc. M. Am. Soc. C. E. (by letter).7”*—In the form of 
axioms the author has shown various fundamentals of influence of the subgrade 
soil behavior on a roadway pavement. The axioms would be considerably 
clarified if their relation to the natural laws of soil mechanics were explained. 
The object of soil mechanics study, as in any other science, is to develop 
natural laws and find their limitations. 

It is well known that the relation of pressure to the moisture content in 
soils is somewhat similar to the relation of stress to strain in solid materials. 
With this conclusion in mind, the author’s axioms relating to the influence of 
the fluctuation in moisture content on deformation of highway slabs may be 
clarified. Movement and fluctuation of the moisture content in soils follow 
the hydrodynamic laws. Therefore, the author’s axioms relating to displace- 
ments and deformations in a saturated soil lying on the impervious sloping 
strata are obvious. 

It is almost impossible to classify soils according to their percentage of 
sand or clay content. However, familiarity with the characteristic features 
of sandy and clay soils may help to make interpretations of behavior of soils 
with various content of sand and clay. 

Further development of soil mechanics applied to highway construction 
will be based on the natural laws of physics and mechanics. Summary of the 
axioms without clearly determined princeps may be lengthy and difficult for 
practical application. 
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Norz.—This paper by Henry C. Porter, M. Am. Soc. C. E., was publishedfin February, 1940, Pro- 

ee Discussion on this paper has appeared in Proceedings, as follows: September, 1940, by Victor J. 
rown, Esq. 


att Associate Bridge Engr., Bridge Dept., Div. of Highways, State Dept. of Public Works, Sacramento 


7a Received by the Secretary August 7, 1940. 
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DESIGN OF HINGES AND ARTICULATIONS IN 
REN bORGE Oo -CONCREIPELSERUGTURES 


Discussion 


By A. A. EREMIN, Assoc. M. Am. Soc. C. E. 


A. A. Eremin,? Assoc. Am. Soc. C. E. (by letter).**—Interesting informa- 
tion concerning Mesnager and Considére hinges is contained in this paper. 
However, some problems of hinge design still remain to be clarified. It would 
be useful to know the assumptions on which the equations for computation of 
stresses in the hinges cited by the author were based. 

Evidently Eq. 1 can be applied only in the computation of the stresses 
within the elastic limit. Nevertheless, the author used Eq. 1 for computing 
the ultimate stresses in his diagram in Fig. 2. Furthermore, Eq. 1 was de- 
veloped with the assumption that steel bars in the hinge form a truss and that 
the concrete part of the hinge was considered as a rigid member. Actually, 
the concrete, even if it is reinforced with steel hoops or transverse wiring, is 
elastic. This is a serious limitation of Eq. 1, and it suggests some need for 
simplifying the equation by omitting the minor factors. 

Mr. Mesnager has limited the bar slenderness to a maximum ratio of l/r = 40 
and has considered the concrete cover as a means of protecting the steel bars 
from corrosion. If slender steel bars in the hinge were used and their strengths 
varied with the stiffening effect of the concrete cover as shown in Figs. 3 and 
4, then that hinge would lose the characteristic features of the Mesnager hinge 
and its design would be based on an entirely different principle. 

The advantage of the compressive concrete members reinforced with spiral 
reinforcement is in the increased strength of the concrete core formed by the 
spiral reinforcement. Eqs. 7 to 11 however were developed for a rectangular 
section considering concrete outside spiral reinforcement as a part of the 
section. At high stresses the concrete cover in the Considére hinge is generally 
cracked and peeled off. The highest efficiency of the Considére hinges was 
obtained when concrete cover was omitted. In the temporary Considére 


Norr.—This paper by George C. Ernst, Assoc. M. Am. Soc. C. E., was published in April, 1940, 
Proceedings. 
Sats Associate Bridge Engr., Bridge Dept., Div. of Highways, State Dept. of Public Works, Sacramento, 
if. 
4a Received by the Secretary August 19, 1940. 
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hinges used for construction purposes the concrete cover outside the spiral 
reinforcement is not required. In the finished structures the temporary 
Considére hinges are generally cast in the permanent concrete members. The 
Considére temporary hinges, without concrete cover, are especially convenient 
in the construction of reinforced concrete arch bridges. 


Corrections for Transactions: April Proceedings, page 591, in the caption 
for Fig. 2 change ‘‘f3’’ to “‘f,’’; page 592, line 28, change ‘‘P”’ to “‘T’”’; page 595, 
line 10, after “‘in cross section” add “at the hinge’; page 597, line 2, after 
“contact faces,’’ add ‘‘During casting, sheet steel forms were used to maintain 
the roller radius, as shown in Fig. 6(a)’’; page 597, line 4, change “4,940” to 
“4,750”; in Fig. 7 the horizontal grids are 5,000, 10,000, and 15,000 pounds per 
linear inch; and page 601, line 9 following Eq. 11, change “342 r” to ‘350 r.”’ 
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MASONRY DAMS 
A SYMPOSIUM 


Discussion 


By Messrs. F. A. NICKELL, LESLIE W. STOCKER, BARTON M. JONES, 
P, E. GIsIGER, JOSEPH A.' Kitts, S. O. HARPER, 
AND R. F. BLANKS 


F. A. NicKxetu,” Esq. (by letter).—Even in application to engineering 
structures geology is a broad field. Mr. Crosby has done a remarkably thor- 
ough job in outlining the more common geological problems in the selection 
and investigation of dam sites. As a general thing different types of rocks have 
certain outstanding characteristics so that principles can be defined and applied 
to sites where these rocks occur. The subject does not lend itself readily to 
simple classification of conditions, nor to formal treatment, but examples are 
of considerable value since they reflect experience. 

Each dam site presents problems in a way different from those previously 
encountered. General concepts about foundations are difficult to apply in 
solution of specific cases, and there is danger in drawing a close analogy between 
sites having apparently identical geology. In his introductory statement, Mr. 
Crosby points out that the success of a dam depends on many factors. It is 
necessary to know the significance of features in the foundation as a basis for 
correct design. Although the nature of formations is important, the critical 
response in rocks due to influences coming from the dam is commonly the 
effect of small adjustments within members. This merely emphasizes that 
minor features, such as seams, may determine the ultimate success or failure 
of the structure. 

The weight of the dam and thrust from reservoir storage creates conditions 
of concentrated stress that the rocks have not experienced before, perhaps even 
prior to erosion of the canyon. The resulting deformation suffered by the 
foundation is in accordance with the net physical character of the component 


0 ee ee 

Norz.—This Symposium was published in May, 1940, Proceedings. Discussion on this Symposium 
has appeared in Proceedings, as follows: September, 1940, by Messrs. William P. Creager, J. R. Shank, 
George R. Rich, Robert A. Sutherland, Ross M. Riegel, Paul Baumann, W. A. Perkins, L. J. Mensch, and 
Lewis H. Tuthill. 

75 Head Geologist, Bureau of Reclamation, Denver, Colo. 

75a Received by the Secretary August 29, 1940. 
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rocks, and thus may be largely elastic or purely a matter of consolidation. 
Although the extent of probable adjustment can be computed with reasonable 
accuracy from a knowledge of materials in the foundation and is, of course, 
extremely important to the designer of dams, continued submergence may 
cause a decrease in available support through combined effects of saturation 
and removal of soluble components. Mr. Crosby’s point in regard to employ- 
ment of an experienced geologist during investigation and early construction 
is, therefore, well considered. 

There are two paramount objectives in all construction: First, to build 
permanently, and second, to obtain efficient operation. It should be recognized 
that these objectives are modified according to local conditions and purpose of 
each project, but security of the dam should never be in doubt. What con- 
stitutes efficient operation is subject, as Mr. Crosby indicates, to the location 
and general requirements for storage. A leaky dam site may permit adequate 
regulation of floods, provided seepage is noninjurious, but a similar loss would 
be unduly costly to an irrigation project in an arid region. Furthermore, the 
significance of certain geological conditions may be widely different at the dam 
site and in the reservoir area. Reservoir seepage in certain cases is permissible, 
but the same amount of leakage might be dangerous around the dam where the 
percolation path is short. 

The stability of foundations is contingent upon bearing power, shearing 
strength, and resistance to sliding, under the assumption that the concerned 
rocks retain their original character—in short, will not soften, be dissolved, or 
lose constituents by piping. These factors can be computed in the laboratory 
and, provided the samples have been carefully selected, the values so deter- 
mined for compression, shearing strength, and frictional resistance are ordinarily 
sufficient for design of most dams. How representative the measurements are 
depends on whether unknown defective or weaker members exist in the founda- 
tion. It follows, therefore, that exploration of the dam site should be so 
exhaustive that no reasonable chance exists of overlooking critical features 
that may cause failure. This points again to the need for the expert knowl- 
edge of the geologist, and, moreover, one familiar with engineering. 

Geological Investigation.—The value of exploratory results depends alike on 
thoroughness of investigation and accuracy of interpretation. Mr. Crosby has 
laid considerable emphasis on the need for careful geological appraisal so that 
any discussion of exploratory methods based on another’s experience involves 
some repetition. 

Dam sites are chosen by aerial, topographic, and geological comparison. 
Investigation is a matter of securing adequate information for design of all - 
suitable types of dams. The diamond drill is used extensively in both pre- 
liminary and final exploration. It is desirable to have a hole at least 2 in. 
in diameter for maximum core return. Recovery of representative material 
alone is not enough. Usually percolation tests with packers or casing are 
required to segregate leaky horizons where grouting or other protection is 
needed. In preliminary studies the configuration of the water table is impor- 
tant since it reflects the course of natural ground-water movement. The 
elevation of the water table is determined by recession to a static level or 
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ascension following bailing. There is a trend toward large borings with shot 
drills allowing periscopic and visual inspection of the hole. Few sites for high 
dams are explored satisfactorily without tunnels, shafts, and trenches at sev- 
eral levels. 

The interconnection of open cracks through the rock may have great im- 
portance. Leaks discovered by packers and other devices can be traced with 
coloring fluids, diagnostic liquids, or electrolytes. Some unusual methods 
have been devised by enterprising investigators. Free passage to the river 
along openings in lava at a proposed site in Oregon was shown by appearance in 
the stream of kerosene dumped into a neighboring drill hole. The spread of 
joints and solution channels at the Aleova Dam site, in Wyoming, was vividly 
indicated during investigation by a burst of compressed air into an angle hole 
passing under the river. 

Mr. Crosby has mentioned the use of geophysical methods in dam investi- 
gation. The possibilities are not generally appreciated and the interest of 
geophysicists should be aroused in engineering and foundation problems. The 
identification of porous media by the electrical resistivity method has not been 
utilized in analogy of seepage through permeable foundations. The interpreta- 
tion of seismograph records, based on elastic properties of rocks, might disclose 
a relation between seismic response and deflection under high dams. The 
period of foundations and resonance of structures during earthquakes are 
matters of vital concern in seismically active areas and might be established in 
the same manner. 

The percolation path in permeable layers is closely allied to the design of 
the so-called “floating” structures and with uplift under other types of dams. 
In many instances the slope can be portrayed by drawdown measured in small 
- holes around a large central well used for pumping. 

The writer has been impressed by the desirability of having field tests 
to check experimental values determined in the laboratory and to elimi- 
nate the element of personal judgment so far as possible. Experiments made 
with ease in the laboratory can be conducted only with difficulty, if at all, on 
rock in place; yet the added strength due to confinement affords an undeter- 
mined factor of safety that might be utilized for closer design if conditions could 
be positively analyzed. Definite progress in this direction is seen on the part 
of many construction agencies. The compressive strength of sediments at the 
Table Mountain site, in northern California, and of granite at the Twin Springs 
site, in Idaho, has been calibrated by loaded column and hydraulic jack with 
rather uniform results. An elaborate program of bearing tests is being con- 
ducted along zones of weakness as well as in normal rock during excavation 
and preparation of the foundation for Shasta Dam, in California. 

Foundations of Typical Rocks.—The trend in design is an expression of 
accumulated experience with earlier dams. Because the response of materials 
in concrete dams can be governed fairly well by strict specifications, foundations 
remain the most questionable element in design. A reasonable effort in ex- 
ploration and instrumental measurement will repay in ultimate benefits many 
times its initial cost. 
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Naturally, the problems vary according to the composition of foundations. 
In the introductory remarks the writer indicated that generalization is usually 
unwarranted, but that examples ordinarily are instructive. Mr. Crosby has 
maintained this idea in presenting illustrations of dams on different types 
of foundation materials. Most large concrete dams—for example, those 
built by the Bureau of Reclamation—are constructed on foundations of 
hard rock. Hard rock may be taken to include granite and other bodies of 
deep-seated origin, as well as certain sedimentary, metamorphic, and volcanic 
formations, which, considered as a group, offer foundations generally acceptable 
for any type of dam. Although hard rocks are considered best suited to high 
dams, they have common weaknesses, including crushed zones, joints, con- 
tacts, irregular weathering effects, and laminations of foliate rocks. The 
importance of most defects diminishes with depth. An empirical rule holds 
that excavation should be carried to levels where support is adequate and at 
which the rock below can be treated satisfactorily—for example, by grouting 
and drainage. 

Dams on Granitic Rock—Mr. Crosby has described treatment of faults in 
foundations of granite and the remedy is more or less orthodox for inactive 
fault zones. Crushed zones in the foundation for Seminoe Dam on the North 
Platte River, in Wyoming, were excavated of all soft material and refilled with 
concrete. A less serious feature exposed in the floor at Grand Coulee Dam, 
in the State of Washington, was excavated some distance below the average 
level of the adjacent rock. Bartlett Dam on the Verde River, in Arizona, is 
a multiple arch, 286 ft high, on a foundation chiefly of rather fine-grained 
granite. Strong joints parallel the canyon, forming a series of vertical rock 
slabs on the right abutment where buckling might occur without sufficient 
excavation and adequate lateral support. 

Formations in some regions have characteristic defects. 'The Boise Moun- 
tains in Idaho, largely of granite, contain numerous broad zones of minutely 
sheeted and friable rock. This condition would have a considerable effect on 
excavation for a dam—for example, at the Twin Springs site on the Boise River. 

The common problems in preparation of foundations of granitic rocks are 
well defined and resolve largely into questions as to depth of excavation and — 
" requirements for grouting and drainage. 

Dams on Metamorphic Rocks.—Foundations of metamorphic rocks may be 
entirely acceptable but have an element of added danger in foliate structure. 
One of the contributing causes in the failure of the St. Francis Dam, in Cali- 
fornia, as Mr. Crosby indicates, was the schistosity paralleling the left abut- 
ment face. Weathering in banded rocks is usually selective so that decay 
persists irregularly below the average level of unaltered material. Since sliding 
is the main hazard, added resistance may be given the foundation, as was done 
at the Easton Dam on the Yakima River, in the State of Washington, by 
providing a saw-tooth outline. 

Dams on Volcanic Rock.—Mr. Crosby’s few comments on dams and reser- 
voirs in volcanic rocks barely touch upon the innumerable problems associated _ 
with formations of voleanic origin, which, as a group, are unpredictable. Brec- _ 
ciated contacts, contraction joints formed during cooling, lava tunnels, porous _ 


> 
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intravoleanic sediments, and a depressed water table are ordinary difficult fea- 
tures. Volcanic rocks occur over vast areas, including a large part of the North- 
west and future demand for storage in those regions will continue to raise 
perplexing geological problems. Reasonably effective storage can be obtained 
where the lava in the reservoir area has a blanket of sediment, as is the case at 
the American Falls, Minidoka (Idaho), and Wickiup (Oregon) dam sites. 

Without protective cover, impervious beds in an alternating series of flows 
and sediment may limit losses. A secure dam can be built usually with pro- 
vision only against uplift and piping, if the lava foundation offers adequate 
support. Various remedial measures have been successful, including grouting, 
concrete cutoff walls in the permeable layers, and blanketing. It is evident 
that a satisfactory dam in volcanic rocks may become ineffective and possibly 
unsafe if the reservoir is raised and storage increased. 

Dams on Sedimentary Rocks.—Sedimentary rocks common in every section 
of the United States are in the foundation of a large number of dams. Condi- 
tions of deposition and later modifying effects tend to produce variations in 
character even among similar kinds, and the illustrations offered by Mr. Crosby 
can represent only a few of the problems connected with them. Formations 
of the same geological classification vary widely in physical ability according 
to texture, bedding, degree of cementation, sequence of strata, and internal 
structure, so that, irrespective of the geological age of the concerned rocks, the 
situation at each site has to be analyzed separately. 

Sandstone with great frictional resistance internally and between layers is 
generally well qualified for moderate to heavy loads. Limestone and certain 
chemical equivalents may be highly suitable on one hand or dangerous other- 
wise, depending on geological processes experienced by these relatively soluble 
rocks. With added clay content, complications also increase. The accept- 
ability of these sediments. is crudely expressed by a graph with sandstone, 
limestone, and clay at the apexes of a triangle, representing, respectively, 
“best,” “good,” and “fair” quality stone. 

In the future, more dams (many of concrete on account of spillway and other 
requirements) will be built on rather soft foundations. There will be a need 
at these sites for field investigations on bearing ability such as are described by 
’ Mr. Crosby and which have been made in detail at the Conchas Dam in New 
Mexico and for the Possum Kingdom Dam in Texas. 

Dams on Pervious Foundations —Mr. Crosby neglected to discuss masonry 
structures of restricted height on pervious foundations. Dams across streams 
with deep alluvial cover on bedrock are occasionally necessary. Since it is not 
practical to found them on solid rock, and because spillway requirements are 
usually exorbitant, the dam is designed as an overflow structure, secure from 
uplift and sliding, and obtaining support by means of a reinforced-conerete 
matte of adequate length, in cases resting on a forest of piles. The Imperial 
Dam on the Colorado River, in Arizona and Calif ornia, involves every aspect of 
this kind of problem—a deep, pervious fill and a vigorous stream. The design 
was made on the basis of laboratory tests of representative material to deter- 
mine percolation path, sliding resistance, internal friction, and bearing. Geol- 
ogy has little to offer directly in this kind of situation, but should be valuable in 
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analysis of material, studies of retrogression, and development of stream 
characteristics. 

Summary.—A conservative principle in construction is the adaptation of 
design to the foundation. Because reasons other than geological limitations 
govern the selection in many cases, the best plan is reduction of unit load 
to within safe limits. Exhaustion in the number of unused good sites, the 
extreme conditions introduced by very high dams, and the tendency to build 
where necessary regardless of the geological complications accentuate the de- 
mand for adequate knowledge and ways of obtaining it. The paper by Mr. 
Crosby gives a broad cross section of common problems connected with dif- 
ferent types of foundations and is suggestive of the things to look for dur- 
ing investigation. An opportunity for study is offered by each new dam. 
Besides thorough field tests to corroborate laboratory experiments, a valuable 
source of-information will be realized in observations subsequent to construc- 
tion. Since concepts of foundations are speculative as to the long-time effects 
of load and submergence, continued measurements are desirable during opera- 
tion following completion of the dam. For this purpose various instruments 
are available, including pressure cells, stress meters, strain meters, and tilt- 
meters embedded in rock beneath and downstream from the dam to indicate 
distribution of stress, bulging or differential adjustment, excessive uplift, and 
other pertinent data. It is encouraging to note the installation of instruments 
at some dams in reflection of a growing appreciation of foundation problems. 


Leste W. Stocker,” M. Am. Soc. C. E. (by letter).”**—In setting forth 
general considerations governing the arrangement and details of construction 
joints in dams, and in presenting facts, and deductions by himself and others 
from such facts, as to joint treatment in existing dams and the behavior of 
some dams after construction, Mr. Steele has rendered a service for which the 
designer of a dam should be very grateful. 

A 5-ft height of lift has been common for many years, doubtless originating 
with practical construction considerations, and, having been found to give 
satisfactory results, in general, has become practically standard. The spacing 
of transverse joints has been decreasing from the time, not a great many years 
ago, when they were first introduced, to the distance of about 50 ft which now ~ 
prevails. Data in Table 11 indicate that approximately 10 to 20 years ago a 
number of designers thought favorably of the practice of using a very wide 
spacing in the lower part of a gravity dam, halving it above, and in some cases 
quartering it at a still higher level. This appears rather venturesome, unless © 
a long time elapses between the times of pouring the concrete placed above 
and below the elevations at which the spacing changes, as there must be con- 
siderable tendency for the formation of a crack as a downward extension of the 
partial joint. It would be interesting to know the reasoning behind the use, 
in the upper part of the Cignana Dam, of the partial joint extending only part 
way from the upstream face; this seems a direct invitation for a crack to form 
as a continuation of the joint through the downstream concrete. 


% Senior Civ. Engr., Public Utilities Comm., Bureau of Eng., San Francisco, Calif. 
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In the case of the enlarged O’Shaughnessy Dam of the City of San Francisco 


- (dam No. 60 in Table 11), the construction joints (see Fig. 25) had to be so 


treated as to perform the duty (unusual in high dam construction) of trans- 
mitting stresses from the original section into a large addition in such a way 
that on completion the addition should bear its proper share of the load, the 
work of enlargement being done while the original dam was in service waded 


' varying load conditions. So far as that function is concerned, the principal 


construction joint is the longitudinal one between the old and the new work. 
The design of the joint along the original downstream face is of particular 
interest. 


ts Continue Upward to Se 
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Fic. 25.—Horizontau SECTIONS OF O’SHAUGHNESSY Dam AS ENLARGED, SHowine ARRANGEMENT OF 
Siors ALonG LoNGITUDINAL JOINT, AND OF RaviaL CONTRACTION JOINTS, 
150 Fr anp 200 Fr Asove Base or ADDITION 


O’Shaughnessy Dam is of the curved gravity type, having a radius of 700 ft 
measured to the upper (vertical) part of the upstream face. Its height is 312 ft 
above stream bed, or 430 ft above the lowest point in the foundation. It was 
originally planned for its present height, but on account of economic considera- 
tions was initially built only to 226.5 ft above stream bed, leaving 85.5 ft for 
future addition. This initial work was completed in 1923. The base section, 
below stream-bed level, was built to the full thickness required for the ultimate 
structure, to avoid future cofferdam work. A block containing six outlet 
valves and their discharge conduits was built to full thickness for its entire 
height. The remainder of the original dam had only the thickness necessary 
to suit its own height, leaving a level concrete surface 80 ft wide at the stream- 
bed elevation to serve as foundation for the future addition. The downstream 
face was formed in 5-ft steps corresponding to the lifts of concrete. The radial 
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construction joints of the original work are spaced, in general, 97 ft apart at 
the upstream face. The south end block, 130 ft long, cracked transversely 85 
ft south of the southerly joint; nothing indicates that the spacing is too great 
elsewhere. The radial joints were not grouted. Sheet copper water stops of 
the U-type were placed across these joints near the upstream face; a longitu- 
dinal copper water stop was provided along the crest, with its lower half em- 
bedded and the upper half folded down and enclosed in a wood-covered recess, 
to be unfolded and become embedded in the new concrete of the later addition. 
A water stop similarly embedded and housed was set around the perimeter of 
each of the 18 siphon spillway ports. 

Concrete construction of the addition, to raise the crest 85.5 ft to its present 
elevation, was begun in 1936 and completed in 1937. Grouting of joints 
continued several months into 1938. Where the new concrete rests on the 
horizontal surfaces of the old base section and of the original crest, keying was 
provided by cutting notches in the old concrete, 16 in. wide, 8 in. deep, and 4 
ft long, and by roughening the surface between notches, removing all of the 
original surface to an average depth of about 3in. The arrangement of notches 
was such that about 45% of the total area was notched and 55% merely 
roughened. 

The treads and risers of the steps on the old downstream face were 
roughened, and in addition the risers, in the north one third and the south one 
third (approximately) of the face, were notched vertically. The surfaces of the 
siphon spillways were roughened. : 

The contraction joints of the old dam continue downstream into the new 
work, and a joint was provided in continuation of the aforementioned crack. 
Where the distance between the old joints exceeds 60 ft, the new section has 


| 


intermediate joints, except in the conduit block. Some irregularities in spacing — 


near the ends result from topographic considerations. Most of the blocks are 


42 to 50 ft between joints, the minimum length of block is 30 ft, and the maxi- — 


mum 97 ft. The average of the 17 blocks along the 900-ft crest length is 53 ft. 


The transverse joints of the original dam are keyed, with panels 15 ft wide, — 


beveled at the edges, and continuous from near rock foundation to near the 
upper surface of concrete. This same arrangement was used in the new 
section, except that at each 50 ft of elevation the key is suppressed and a sheet 


” 


ee 


steel horizontal grout stop spans the joint. Grout stops also were placed near — 


the upstream and downstream limits of the joints. 
In considering the joint along the downstream face of the original dam, the 
simple pouring of new concrete against the face, as a part of the pouring of each 


lift, was rejected at the start because of the obvious danger of developing unde- | 


sirable shearing stress and opening cracks between the new concrete supported 
on the steps and the new concrete downstream which would shrink appreciably 
downward as cooling progressed in the lifts previously placed, and as compres- 
sion increased in the lower concrete due to the increasing weight of the super- 
posed concrete. The ideal would be to keep the new section out of contact 
with the old face until it was fully cooled, but this would be impossible because 
of the necessity of supporting the new concrete overhanging the old face. The 
design finally evolved provided a series of slots formed between the old and 
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the new concrete, averaging about 5 ft in thickness normal to the face and 
- about 20 ft in width measured along the face, extending continuously from the 
foundation of the addition to the old crest level. Adjacent slots were separated 
by walls or ribs 2 ft thick, poured integrally with the adjacent mass concrete. 
The downstream face of the slot was so formed that the concrete filling the slot 
would key the old and new sections to transmit stresses in radial planes. In 
horizontal section, the slots in the middle portion of the dam were rectangular; 

those toward the ends were tapered, with the broad ends toward the abutments; 

this latter arrangement, combined with the aforementioned notches in the risers 

of the steps of the old face, provided keying for transmission of horizontal stress. 

The ribs between slots were intended to carry very high unit stresses during 
construction, and were expected to crack, as most of them did. Cracks, which 
in general were mere hairlines or little more, formed across the ribs, normal to 
the slope of the face, from the outer corners of most of the steps, but there was 
no indication that these cracks extended into the adjacent mass downstream 
from the ribs. 

A further tie between the old and the new work was provided by placing 
11-in. square deformed reinforcing steel bars across the slotted joint, normal 
to the general direction of the slope of the face. There is one horizontal row 
of bars for each 5-ft lift, and the average horizontal spacing is about 2.5 ft. The 
bars are grouted into holes drilled 5 ft deep in the old concrete, and extend 
through the slots and 5 ft into the new concrete downstream from the slots. 

To drain the longitudinal joint, horizontal drains extend along the original 
face with a vertical spacing of 5 ft, connecting to gutters in inspection galleries. 

All of the new concrete was cooled by circulating water through embedded 
pipes of 1-in. nominal size on 5.5-ft spacing, in the same manner as in Boulder 
Dam. The slots were filled with concrete after the adjacent mass concrete was 
cooled, and then the concrete in the slots was cooled. 

Finally, all joints (except, of course, horizontal ones) were grouted. This 
operation included the radial joints in the original dam, as well as the slot and 
the radial joints in the new section. Most of the grouting was done after prac- 
tically all concrete was completed. 

Apparently the objects in view in the design have been achieved; data so far 
obtained indicate that the dam as enlarged is behaving as it would if it had 
originally been built to its present size. » 

Basically, in the case of O’Shaughnessy Dam, the design of the longitudinal 
joint against the original downstream face, with the slots, ribs, and tie bars, 
resembles that used in the first enlargement of Assuan Dam in Egypt. In that 
work steel tie rods 1} in. in diameter, spaced 1 m apart horizontally and ver- 
tically, were set about 4 ft deep in the old cemented rubble masonry to project 
an equal distance into the new, and a 6-in. slot was left along the original face. 
The overhanging new masonry was supported on the tie rods and on 6-in. ribs 
spaced 49 ft apart. The slot was filled by grouting through perforated pipes 
after allowing time for equalization of temperatures in old and new masonry. 
The ribs appear to have been intended primarily to control the flow of grout, 
their functioning as supports being incidental. 
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Barton M.Jonzs,”? M. Am. Soc. C. E. (by letter).7”’—The excellent paper 
by Messrs. Paul and Jacobs presents the important phases of foundation 
preparation in an interesting and enlightening manner, well covering the 
ground, and along general lines of preparation by repair, rather than by whole- 
sale removal, of rock. Such removal becomes time consuming and very costly 
when the cost of the concrete to replace it is added to the: cost of the rock 
excavation. The parts of the paper covering recent developments in equip- 
ment and methods are of special interest. 

The paper calls attention to the necessity of controlling the pressure in 
grouting operations and cautions against pressures that are too high. How- 
ever, pressure ranges of 50 to 200 lb per sq in. for low-pressure grouting and 
250 to 600 for high-pressure grouting are mentioned. It is clearly stated that 
there is danger of rock dislodgment with these pressures and that the utmost 
caution must be exercised in their application. This danger should be fully 
- comprehended by those engaged in grouting operations as otherwise serious 
damage may be done to the foundation. Of course, the direction and position 
of the seams, and character of the rock, dictate the safe allowable pressures. 
Little displacement or damage eould be done to a foundation in which the seams 
are nearly vertical, whereas, on the other hand, horizontal seams must be 
grouted with great precaution to avoid lifting portions of the foundation, and 
thereby progressively extending the area of the seams, and possibly disturbing 
the adjacent grouting that has already been done in other seams. One of the 
principal objections to the occurrence of a slight uplift is that it may extend 
the area upon which the grouting pressure acts with a resulting accumulative 
uplifting effect. 

The writer desires principally to offer a general plea and some arguments 
in behalf of lower grouting pressures. It is safe to say that in many cases 
satisfactory grouting from the standpoints of bearing, uplift, and seepage can 
be accomplished at low and moderate pressures. The use of higher pressures 
may obscure the possibilities to be found in lower pressures. It is observable 
during grouting operations that most of the grout (possibly 99%) enters the 
grout holes and seams before the back pressure starts on its final upward jump. 
In other words, the high pressures and attendant hazards, whatever they may 
be, are related to a final spoonful of grout. The question may be asked, ““‘Why 
use high and probably damaging pressures where low pressures can serve the 
purpose; and, once being convinced that the horizontal seams must, and can, 
be grouted with moderate pressures, just why should extremely high pressures 
be used on steeply inclined seams simply because the formation will permit?” 
There is reason for using high pressures in grouting deep and fairly tight seams 
in igneous rock formations where drilling becomes a larger part of the cost. 

Uplift of horizontally stratified rock begins at surprisingly low pressures. 
For example, at Norris Dam it was the practice to grout the different seams in 
each hole separately, and the pressure in pounds per square inch was not 
allowed to exceed the depth in feet of rock over that seam. The advisability 
of this rule was verified by many observations of uplift. Grouting to a depth 
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of 40 ft was done over the entire base of the dam and power house. Over this 
area of shallow grouting the pressures were kept under 35 lb per sq in., and 
the highest pressures used on the project, under the completed dam, were from 

125 to 150 lb. The numerous seams in the foundation under the dam ranged 
from close contacts to open seams or pockets in which the rock was separated 
by afoot ormore. The cost of drilling and grouting (approximately $759,000) 

“indicates that the work was both extensive and difficult. During an experience 
record of three years it has been found that the treated foundation is particu- 
larly sound and tight against seepage under the 200 ft of head against the dam, 
and there has been no evidence to indicate that the relatively low grouting 
pressures used were in any way inadequate or that higher pressures would have 
been better. 

Uplift generally exists to some degree during grouting, and the need is to 
keep it under observation. The frequent occurrence of uplift was brought to 
attention by a special type of uplift gage originated, perfected, and used ex- 
tensively at Norris Dam. Owing to its simplicity and usefulness, a description 
of the gage might be of interest. In principle, it detects uplift at the surface 
with reference to the underlying undisturbed rock. In its elementary form 
the gage is constructed by drilling a hole within the area to be grouted and 
several feet deeper than the surrounding grout holes. A substantial steel rod 
is lowered into the hole and securely anchored into the underlying rock at its 
lower end with cement mortar, or otherwise. A substantial steel yoke, the 
under side of which just touches the top end of the rod, is securely anchored to 
the surface rock by cementing the ends of both legs into holes drilled about a 
foot deep. Any upward movement of the rock surface carries the yoke upward 
and increases the gap between it and the top end of the rod. Certain refine- 
ments and precautions become evident in its use. or instance, grout might 
enter the hole from the seams being grouted, and to keep the rod free from the 
side walls it should be surrounded with a soft wrapping or some kind of flexible 
tube. The equipment must be sturdy to resist the hazards of a construction 
area such as truck wheels. The yokes may be made of 2-in. steel bar, and 
smooth brazed points will furnish rustless gaps between the yoke and top end 
of rod that can be measured with feeler gages to within 0.001 in., thereby 
providing accuracy with the necessary ruggedness and permanency while 
avoiding the many disadvantages of delicate indicator or other gages. Tem- 
perature changes in the rod are of no consequence in grouting operations, but 
for some other uses of the gage, such as measuring settlement of turbine 
foundations or foundation deflections under a dam, an allowance may be 
necessary to correct for the effect of the seasonal temperature variation on 
length of the rod. 

The gages form a most useful aid in eliminating conjecture in controlling 
grouting operations. In using them, several should be located in the area to 
be grouted, and it is an easy matter to check and record the uplift each hour 
or oftener by simply measuring the gaps between the ends of the rods and the 
yokes. . 

The knowledge obtained from uplift gages cannot be put to full use unless 
the grouting is controlled and the pressures are carefully limited to the values 
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found safe for each area or group of holes. It is not safe to depend upon hand 
control of the pressure when reciprocating pumps are used for grouting. With 
this very satisfactory type of equipment it becomes necessary to have a de- 
pendable adjustable pressure regulator on the power end of the pump, and an 
adjustable pressure-relief valve on the grouting pipe. Sometimes it is also: 
necessary to guard against excessive pressures when washing out seams pre- 
paratory to grouting. 

In conclusion, it may be stated that on extensive or important grouting 
operations there is justification for continually checking the pressures that may 
be used with safety, and then to keep within those pressures by means of 
automatically regulated equipment. Rather than to exceed the safe grouting 
pressures in an attempt to force in more grout, a better procedure would be to 
use more holes. The ultimate cost may be less as much damage and further 
grouting may be avoided. It is believed that this discussion is a clarification 
and amplification of principles already set forth on grouting in the most excel- 
lent paper by Messrs. Paul and Jacobs. 


P. E. GisrcEr,”® M. Am. Soc. C. E. (by letter).”*—During the past twenty 
years greater progress has been made in the art of designing and building large 
dams than during centuries before. The paper on the fundamentals of dam 
design by Messrs. Houk and Keener, who belong to a group of engineers re- 
sponsible for a very large part of this progress, is, therefore, unusually authori- 
tative. It is particularly valuable for those engineers who are not intimately 
and actively connected with the building of high dams because it permits them 
to visualize what has been accomplished and to what extent it is now possible 
to substitute exact reasoning in problems, which, a relatively short time ago, 
were left to guesswork or to the care of the so-called safety factors. 

In 1935 an article was published in French”? by Henri Juillard, which affords 
an interesting comparison of the most advanced thought on the subject in 
Europe and in the United States. It is believed that this article is valuable 
enough for a short digest of it to be presented as part of the discussion of this 
paper as well as of the Symposium in general. ‘ . 

Mr. Juillard confines himself to dams of the straight gravity and curved 
gravity type. He first questions the idea still held in some quarters that the 
massive straight gravity dam is the safest type of structure. The two points” 
sometimes argued in favor of the straight gravity dams—(a) the possibility of 
a simple analysis of all forces and stresses, and (b) the absolute stability on 
account of the ever-present mass—are shown to be mistaken. The first con-— 
tention is demonstrated to be faulty mainly on account of the twist action 
resulting from sloping abutments, but also because it could be rigidly correct 
only for the conditions of homogeneous material, uniform temperature, and 
foundations with elastic properties equal to those of the dam, all of which are 
never fully realized. The second:contention is accepted for dams of moderate 


height, where stresses are not a factor of much importance. A high dam, how- 
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ever, might fail from shear or compression at its toe even if its weight were 

- ample for external stability. In the final analysis, therefore, the safety of a 
high dam does not depend upon its mass, but upon the stresses that are de- 
veloped, and can be resisted by the material of the dam itself and the under- 
lying rock. From this it follows that no type of dam can be declared the 

_“best”’ or “‘safest,’”’ but that for a given location one type may be better adapted, 
and therefore safer, than another type. 

Mr. Juillard then states that originally a straight gravity dam with a width- 
height ratio of 85% was proposed for a high dam in Switzerland (the Spitallamm 
dam of the Grimsel development) but that finally a curved gravity or massive 
arch dam with a width-height ratio of 60% was adopted. It is emphasized 
that the main reason for this change was not the saving of about 130,000 cu 
yd of concrete, but the conviction that stress conditions would be more favor- 
able for the curved dam. 

Discussing concrete behavior during the setting and cooling period, Mr. 
Juillard emphasizes the importance of plastic flow of fresh concrete because 
without this property the various superimposed causes of volume change, such 
as heating, cooling, drying, and shrinkage, would result in an excessive number 
of cracks. Cracks are not quite unavoidable, but by proper subdivision into 
blocks and sequence of placing, their number can be substantially reduced, 
which, of course, is now recognized everywhere. 

With regard to concrete mixes the importance of the proper proportion of 
fines in the aggregate is stressed. It is claimed that either a deficiency or an 
excess of fines will produce porous concrete which does not resist freezing, and 
that with the proper quantity of fines the least quantity of water will be re- 
quired to produce workable concrete. 

Mr. Juillard declares himself in favor of especially rich facings for the up- 
stream as well as the downstream face of a dam. ‘This is apparently not in 
agreement with most recent American practice and may be open to question. 
with regard to the importance of having homogeneous material throughout the 
dam, apart from the economical side of this point. 

The most impressive part of Mr. Juillard’s paper is the final third wherein 
the need for continuous observation and inspection of dams after comple-" 
tion is discussed. It would seem natural that the investment represented 
by a large dam should call for close and constant check of its condition and 
behavior. It is rather astonishing, therefore, how long it has taken before the 
need for such supervision was recognized, and before the attitude was overcome 
that a masonry dam, after the last batch of concrete has set, is an absolutely 
stable, immovable, and ‘noncorrodible object which does not require any fur- 
ther care. 

The feature to which attention was given first, and for a long time almost 
exclusively, was leakage, especially if it amounted to more than had been ex- 
pected. In the more recent dams, which have inspection galleries, intercepting 
tunnels, riser pipes, and other devices, it is easier to get an idea of the probable 
total leakage than in older dams where such devices are usually absent and the 
total loss of water must be judged from what comes to daylight at the down- 
stream side. ; 
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In some dams devices have been installed which record the quantity of 
leakage water passing a given point. Mr. J uillard mentions apparatus which, 
in addition, records the percentage of lime carried in solution by this water. 
The latter point is emphasized to illustrate the fact that concrete is not an inert 
material, since a considerable tonnage of lime can be removed annually from a 
large dam. 

Apart from cases of extreme leakage or very poor concrete, however, judg- 
ment on the continued structural soundness of a high dam must be based 
mainly on observation of its deformation under load and the influence of tem- 
perature. This may have been recognized quite early, but the practical diffi- 
culties of measuring deflections on a dam are much greater than, for instance, 
measuring deflections of a bridge. Therefore, such measurements are a fairly 
recent development. 

The methods of measuring deformations used in Europe were described by 
Mr. Juillard in a paper® read before the World Power Conference in Stockholm, 
Sweden, in 1933. In the paper cited herein” he stresses the necessity of con- 
tinuous, regular observation for the purpose of gaining complete knowledge of 
the factors affecting a dam and the availability of apparatus permitting the 
making of such observations at relatively little expense. He cites as an ex- 
ample the previously mentioned Spitallamm dam of the Grimsel development 
where the horizontal movement of a number of points is observed twice weekly 
by means of pendulum indicators, permanently built in, which give an accuracy 
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It is also stressed that these measurements, as well as others on recent dams, 
indicate a complete elastic behavior under load, contradicting some earlier 
opinions based on incomplete observation to the effect that dams undergo a 
permanent deflection. It is important, of course, to separate the effects of 
temperature from those of load. Temperature effects predominate near the 
crest of a dam and are subject to daily change. In 1939, Douglas McHenry 
and Roy W. Carlson, Assoc. M. Am. Soc. C. E., presented*! results of observa-. 
tions on the Norris Dam which illustrate this point and indicate the fact that 
Mr. Juillard’s ideas are in agreement with recent practice in the United States. 

Mr. Juillard goes on to state that, although the measurements on the dam 
proper are those of most importance, the rock under and next to the dam must 
also be considered. A large number of complex questions remain to be solved 
in this respect. It is not known, for instance, what part of the deformations 
caused by the weight of the dam as well as the stored water is permanent or 
elastic, how this may change with different kinds of rock, how changes in surface 
temperature due to the covering with water affect the rock, how deep these in- 
fluences go, and how long it takes to establish a new equilibrium. 

Every one of these uncertainties is an additional reason for continuous, de- 
tailed observation of an important dam after its completion. The proper safe-_ 
guarding of investment should be reason enough for the relatively small outlay © 


ioa Report No, 12” by Swiss National Committee, 1st International Cong. on Large Dams, Stockholm, 


het Re 
March 30° 1039, 8. 38 Behavior,” by Douglas McHenry and Roy W. Carlson, Engineering News-Record, 
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necessary. A much weightier reason is the safeguarding of life and property. 
“In this respect, it may be reasonably claimed that the few disasters which have 
occurred could have been greatly mitigated, if not altogether avoided, if regular, 
frequent observations of structural movement on those dams had been taken. 

Finally, Mr. Juillard stresses that only continuous observation on the com- 
pleted structures will indicate whether the design assumptions and methods 
were correct and will stand the test of time and that only by comparison of 
actual behavior with design theory can further improvements be expected in 
the efficiency of design and perfection of material. 

The foregoing tends to show that ideas on the design and construction of 
large masonry dams have, in recent years, moved toward the same conclusions 
in Europe as well as the United States. Twenty-five or thirty years ago 
masonry dams of European design showed a tendency to conform to a set type, 
without much regard to site conditions. They were usually dimensioned to 
satisfy rigid safety requirements (such as the ‘‘Lévy condition”) based on strictly 
two-dimensional stress analysis and contained often elaborate expansion joint 
and drainage provisions. In America, on the other hand, development went 
forward without much benefit or hindrance by precedent. Uplift assumptions, 
which largely govern the mass of a gravity structure, and provisions for drainage 
and treatment of joints were generally left to the judgment of the designing 
engineer and showed great variation. 

With the increase in number and size of dams that were designed and built 
since 1920, research into the design problems was greatly stimulated and 
brought about a vastly increased knowledge about the way ,in which the ex- 
ternal forces acting on a dam affect its internal stresses and deformations. This 
general clarification of ideas produced more uniformity of design. Mr. Juillard’s 
paper, summarizing the same period of development in Europe, shows that at 
the present time the basic considerations as well as methods of design on both 
sides of the Atlantic are practically the same. The importance of twist action 
caused by sloping abutments, the combination of cantilever and arch action in 
curved gravity or massive arch dams, and the influence of elastic deformation of 
the underlying rock are given the same relative degree of emphasis by Mr. 
Juillard as by the most authoritative American thought which is embodied in 
the papers presented for this symposium. Beyond that the writer believes that 
Mr. Juillard’s insistence on periodical and systematical check of the behavior 
and performance of a dam after its completion is an important and valuable 
contribution to the subject matter presented on this occasion. 


Josmru A. Kirts,® Esq. (by letter).”°—As an index of the present state 
of progress in concrete manufacture and control as applied to dams, the paper 
by Mr. Tyler comprehends only a very recent school of thought on the 
subject, as indicated by its appended list of references. Although it admits 
that there are some scientific questions yet to be solved by this school, it 
says (see “Synopsis’”) that “knowledge concerning properties and behavior 
of concrete * * * has been enormously increased during the last few years,” 


82 Cons. Engr. (Joseph A. Kitts Co.), San Francisco, Calif. 
82a Received by the Secretary June 6, 1940. 
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being in complete accord, on this last point, with each succeeding report of ' 


the kind in the past. 5 4 ' 
On the other hand, the concrete manual mentioned in the Appendix (2) 826 


shows that this school of thought has very little appreciation and knowledge | 


of the fundamental physics and basic principles of concrete mixtures brought 


forth in twenty-two centuries of laborious and costly research since about | 
250 B.C., when Archimedes discovered how to determine the absolute volume | 
(the basic measure) of an irregular solid by liquid displacement. Instead, , 
this school has adopted a false physics using weight as the basic measure. 
Its false physics has led to erroneous test results. Its erroneous test results | 


indicate a new and simplifying principle of mixtures, although definitely and 


widely shown to the contrary 40 years before.* It adopts this pseudo- 


principle as its “fundamental rule.” Its false physics and false principles are 


written into its specifications and naturally affect the practical features of | 


control. The result has been an enormous waste of cement and aggregate, 


and the quoted ‘enormous increase of. knowledge concerning the properties | 


and behavior of concrete” is based on, and colored by, this false physics. 
Mr. Tyler does not offer anything to correct the situation indicated in the 
foregoing, nor does he appear to appreciate it. 

In a series of seventeen articles,™ the writer has coordinated all the known 
and authoritative fundamentals of concrete mixtures in complete detail of 
mathematical analysis and expression, giving sources, authorities, and practical 
application. The absolute volume measure of Archimedes was used as the 
only logical basis on which to coordinate: (a) The matrix-to-voids principle 
of Francois Coignet;** (6) the absolute volume composition law of René Feret ;* 
(c) the grading principle of Sanford E. Thompson and the late William B. 
Fuller,** Members, Am. Soc. C. E.; (d) the water-cement strength law and 
fineness modulus principle of Duff Abrams,8? M. Am. Soc. C. E.; (e) the 
cement-content strength law and fineness modulus law of the writer;* and 
(f) various miscellaneous principles by others. These are the complete 


fundamentals of concrete technology; there are no successful or basic alter- 


natives. With this history of concrete research and the coordination of basi¢ 


principles of concrete mixtures before them, the sponsors of Mr. Tyler’s school | 


of concrete control strangely went out of the way to adopt false physics and 
the disproven theory that water content and slump remain constant as the 
cement content is increased.®8 ; 
Absolute Volume the Basic Measure—“The absolute volume is the a 
measure of concrete ingredient proportions and characteristics.” That is th 
fundamental law of concrete physics and technology.®! Cement, aggregate, 
and concrete tests and concrete research, disregarding this law, have been 


8% Numerals in parentheses, thus: (2), refer to corresponding items in the Appendix of the paper. 


8 Bulletin dela Societé d’ Encouragement pour U Industrie Nationale, by René Feret, Vol. II, 1897, p. 1593. - 


& “Coordination of Basic Principles of Concrete Mixtures,” by Joseph A. Kitt 
and December, 1931; April, 1932, to April, 1933; and February to "April, 1934. Se EE oe 
Printing Office, 1871. 
% Transactions, Am. Soo. C. E., Vol. LIX (1907), p. 67. ; 
87 ‘Design of Concrete Mixtures,” by Duff A. Abrams, Bulletin No. 1, Structural Materials Research 
; 


% ‘‘Coignet Béton,” by the late Q. A. Gillmore, M. Am. Soc. C. E., Washington, D. C., Government - 


Laboratory, Lewis Inst., Chicago, IIl., 1919. 
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almost worthless, and this disregard accounts for the fact that man’s 10,000 
years of concrete making had not evolved a complete concrete technology 
until the discovery of the cement-content strength laws, in 1929. Until this 
fundamental law of the physics of concrete materials and mixtures is used, 
there can be no concrete technology worthy of the name; and, until then, 


_ research of the properties and behavior of concretes will continue to be largely 


barren waste and the source of costly errors. 

Weight is the most accurate and flexible means of measuring concrete 
ingredients, and should be required for the measurement of the solid ingredients 
of concrete for major structures, and for structural concrete in general. It is 
an amazing fact of concrete history, however, that, where the volumetric 
batcher, basket, barrow, or bin is used as the means of measure, the volume 
of the measure (not the absolute volume of material in the measure) has been 
the basis of proportions, and is so today, on 75% of all concrete specified. 
As in the case of volume as the means of measure, when weight has been 
adopted as the means of measure, it has also been adopted as the basis of 
measure. 

Confusion of Measures—Mr. Tyler treats almost all of the particulars of 
concrete control except the fundamental physics of materials and mixtures. 
The writer contends that there can be no sound understanding of any feature 
of concrete control until the fundamental physics of materials and mixtures is 
understood; and the fundamental physics cannot be understood until the 
basic measure is recognized. Accordingly, the confusion of measures appearing 
in sources cited in the Symposium should be considered. It should alse be 
noted that centuries of civil engineering thought, or lack of it, are responsible 
for this confusion. 

In this school of thought the water-cement ratio is expressed by weight 
instead of volume of water to absolute volume of cement. Thus, a water- 
cement ratio of 1.0 by weight means a water-cement ratio of 2.8 and 3.2 by 
volume, for cements having specific gravities of 2.8 and 3.2, respectively. 
Obviously, the weight basis is indefinite. On the other hand, volume of water 
to absolute volume of cement is a definite ratio and conception, regardless of 
the specific gravity of the cement, and engineers know that 1 cu ft of water 
added to 1 cu ft absolute volume of cement, for example, contributes the sum, 
or 2 cu ft, to the concrete mix. 

Fineness of cement is expressed as specific surface, or square centimeters, 
per gram of cement, instead of square centimeters per cubic centimeter absolute 
volume of cement. 

Fineness modulus of aggregate is determined from the proportionate weights 
retained on the sieves, disregarding natural differences in the specific gravities 
of the fine and coarse parts of the aggregate. 

Unit weight of aggregate is determined as the weight of dry-and-rodded 
material filling the standard container of unit volume. The volume of the 
container is the basis of measure, not the absolute volume of material contained. 

Absorption and moisture contents of aggregate are determined as weight of 
water to weight of aggregate (0.02 absorbed water by weight, in the case of 
Haydite aggregate having an apparent specific gravity of 1.0, is 0.02 cu cm of 


1546 KITTS ON MASONRY DAMS Discussions 


water per cubic centimeter absolute volume of Haydite, and is 0.053 cu cm 


of water per cubic centimeter absolute volume of rock having a specific gravity © 


of 2.65). 

Specific gravity of solids is determined as weight of solid to weight of 
water displaced by the solid, or, weight of solid in grams to absolute volume 
of solid in cubic centimeters. The basic measure of the material is the absolute 
volume. This is the simple physics developed by Archimedes some twenty-two 
centuries ago. 

One sees, then, as general and standard practice, the indiscriminate use of 
loose-moist, loose-dry, and dry-rodded bulk volume, and the volume of the 
container, weight, and the absolute volume as entangled bases of proportions 
and characteristics. ‘This is not physics, science, engineering, or logic. 

Using weight, the gravitational characteristic, as the basic measure of 
proportions to produce an absolute volume of concrete, when it is known that 
the absolute volume of concrete is the sum of the absolute volumes of the 
ingredients, seems too obviously unscientific for an engineer to accept. On 
the other hand, since absolute volume has not been accepted as the basic 
measure of proportions in twenty-two centuries, perhaps it is too abstruse an 
idea for the layman in concrete physics and technology to grasp. Another 
point of view is that concrete manufacture is a simple and practical art, and 
not a complex science. The writer observes, however, that the science works 
—-practically, efficiently, and economically; the simple and practical art does 
not. Mr. Tyler’s point of view, as stated in his “Conclusion,” is that ‘‘The 
art of building concrete dams is becoming a science.” Lack of appreciation 
of the absolute volume as the basic measure of concrete proportions is still 
holding it in leash as it has concrete technology for twenty-two centuries. 

False Theories Due to False Physics—Under the heading, ‘‘Concrete 
Control: Proportioning,” Mr. Tyler states that “‘water content of concrete at 
fixed workability changes little with cement content.” In other words, with 
a given mix, as aggregate is replaced with an equal absolute volume of cement, 
the slump, consistency, or workability of the mix remains the same, or changes 
little, according to Mr. Tyler. 

In 1897 the noted French engineer and dean of concrete physicists, René 


Feret, published the results of an elaborate series of tests, made by him, of — 


fine, medium, and coarse sand-cement mortars of normal consistency, in which 
he varied the absolute-volume cement content in ten stages from about 3% 
to about 53% by volume of the resulting mortar.® A table of the results can 
be found in a publication by Frederick W. Taylor and Sanford E. Thompson.® 
The water per unit volume of concrete for Feret’s fine sand ‘“D” follows the 
semilogarithmic equation 


log W = 0.33 C — 0.58 (approximately)............. (7a) 


in which W is the volume of water per unit volume of concrete, and C is the 
absolute volume of cement per unit volume of concrete. His coarse sand “Q” 


ee 
88 ‘Concrete, Plain and Reinforced,” by Frederick W. Tay] 
(1909), pp. 136-137. vy eric aylor and Sanford E. Thompson, 2d Ed. 
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follows the straight-line equation 


W = 0.58 C + 0.1 (approximately)............... (7b) 


Feret’s medium sand lies between the two foregoing, and their three graphs 
approach neat cement mortar composed of: 0.534 cement, 0.414 water, and 
0.052 air. Thus, at 5% cement, the water content ranges from 13% for 
coarse. sand to 27% for fine sand; and, at 53% cement, or neat mortar, the 
water is 41%; that is, the water content for neat cement mortar of a given 
consistency is shown as 52% to 215% greater than that for a sand-cement 
mortar containing 5% absolute volume of cement (2.75 sacks per cubic yard). 

The writer has made concrete and neat cement mortar tests of Bonneville 
type cement which show the relations of cement and water contents of mixtures 
of a given slump, as indicated in Table 14. 


TABLE 14.—Warer Contents ror Neat Cement Mortars COMPARED 
witH THOSE FOR LEAN CONCRETES 


ee a 


Concrete, 1}-IN.. Maximum Neat Cement Mortar 
sedated 
8 ee Cement Water Water Cement 
inches ee ee ee 
Proportionate Absolute Volume 

eases ee Sieh eee 0 

1 0.073 0.118 0.422 0.549 

2 0.073 0.124 0.432 0.542 

3 0.073 0.132 0.442 0.536 

4 0.073 0.140 0.452 0.529 

5 0.073 0.151 0.462 0.522 

6 0.073 0.163 0.472 0.515 

ff 0.073 0.181 0.484 0.507 

8 0.073 0.216 0.499 0.496 
ee ee 


In changing from 1 bbl of cement per cubic yard of concrete to neat cement 
mortar, it is seen by Table 14 that the water content for a given slump is 
increased 257% for the 1-in. slump and 131% for the 8-in. slump. Any other 
calcareous cement will show values of a similar order. 

Table 14, for 1}-in. maximum size of aggregate, confirms Feret’s tests of 
mortars made 40 years earlier. Mr. Tyler’s qualification that the water 
changes little with cement content is quite true if the cement content is changed 
only a little; concrete manufacture, however, comprehends cement contents 
from 2% to 55% of the concrete volume. The false theory is due to test 
errors characteristic of the false physics of using weight as the basic measure 
of ingredient proportions and characteristics. 

Laws of Proportioning Are Needed for Any Maximum Size and Grading of 
Aggregate, Strength, and Slump of Concretes.—In 1931, the writer analyzed the 
water and cement content relations shown by data of the Portland Cement 
Association.®® 

For any given maximum size of aggregate and slump of concrete, the change 
of water content with change of cement content was discovered to follow the 


89 ‘Design and Control of Concrete Mixtures,” Portland Cement Association, 2d Ed., January, 1927. 
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semilogarithmic equation, 


log Wim Ok. os oie cs eae Oe 


(in which m and k are constants depending on the maximum size and fineness — 
modulus of aggregate and the slump of concrete), provided the fineness modulus — 
of grading follows the equation: 


f = alon Aoblog Det . oct OS ree ae (9) 


in which D is the maximum size of aggregate and a, 6, and c are constants. 
Although there are occasions in which Eq. 8 is convenient to use, the 
constants m and k for a given maximum size or slump do not vary in accordance 
with any simple mathematical expression as the maximum size or slump is 
varied. 
In 1929, the writer discovered that the law of the cement content for any 
strength, for a given maximum size and slump, is expressed by the equation 


log Gis dB Bet IR end poe (10) © 


in which S is the compressive strength at a given age and d and e are constants 
depending on the maximum size and slump. It was further found that e, in 
Eq. 10, varied as the slump, or 


6 UT SND Ht dee oan, om coke gi (11a) 


and as the log of the maximum size, or 


ene. n log Dem 9 ose Asics eee ee ae wk Lie 


in which g, h, n, and 7 are constants. 

This family of cement-content laws is supplementary and complementary — 
to the Abrams water-cement ratio law; it is closely accurate for strengths © 
greater than 1,000 lb per sq in. at 28 days and indicates excess cement at — 
desired strengths less than 1,000 lb per sqin. It is too well founded and too 
adequate to have been abandoned for a new theory which the competent tests 
of the dean of concrete physicists had shown to the contrary, 40 years before, 
and which the comprehensive data herein cited*® had shown to the contrary 

r 


a 


more than 10 years before. 

Theoretical Grading and Proportioning—Mr. Tyler states that ‘Too close 
adherence to theoretical gradings usually leads to undersanded and harsh 
concrete mixtures,” and “It is seldom if ever possible to calculate an aggregate — 
grading and proportion a concrete mix without experimental data or actual — 
trial batches of concrete as a guide.’”’ There are great differences in the shape 
of particles of crushed rock from various sources, of course. Angular, elon- — 
gated, and lens-shaped particles demand a lower fineness modulus of grading 
(and more cement) than do rounded gravels. However, a grading suitable for _ 
natural gravel from one source will almost invariably be found suitable for 
gravel from any other source, provided the grading is on the basis of absolute 
volume measure. If theoretical gradings produce undersanded, oversanded, 
and harsh mixtures, and mixtures which segregate badly, the criteria, theory 
or technique of grading is obviously wrong. 
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There are considerable data, of normal standard portland cement and 
crushed rock and gravel concretes, which supply good criteria of the principles 
of grading and proportioning as a basis of experimental work on any new 
project. Knowing the physical characteristics of the materials and the 
principles involved, gradings and mixtures can be calculated on the basis of 
the criteria with a high degree of certainty as to resulting workability, slump, 
yield, and strength. Not knowing the physical characteristics and the princi- 
ples involved, the only recourse is trial mixtures and experiment, which, in 
turn, depend upon principles and technique. Of course, the physical char- 
acteristics of the materials are not fully established until they are tested in 
the concrete mixtures, and no dam concrete should be produced without 
preliminary tests and subsequent laboratory control on the job. Laboratory 
control means continuous testing of material characteristics, and occasional 
and sometimes frequent changes of the measured proportions, to maintain the 
basic structure of the concrete composition in absolute volumes of cement, 
water, and stone particles of various diameters, as physical characteristics of 
the materials vary. Sometimes, also, changed conditions require modifications 
of the basic structure of the concrete composition; but to say that “Tt is 
seldom if ever possible to calculate an aggregate grading and proportion a 
concrete mix without * * * trial batches * * * as a guide” points to one or 
a combination of the following causes of failure: (1) Wrong criteria, (2) false 
physics, (3) false theories, (4) wrong characteristics, (5) graphical approxi- 
mations, (6) erroneous equations, (7) erroneous technique, and (8) the major 
source of failure in grading, proportioning, and control is lack of appreciation 
of absolute volume as the basic measure of ingredient proportions and physical 
characteristics. } 

Many Types of Grading Are Practicable—The average pit run, although 
generally somewhat oversanded, may be the most practicable and best grading 
from the view of engineering economy. If merely 5% of the material is finer 
than the No. 100 sieve and the remainder is sound, there is generally little 
reason for wasting any of it. If there is 55% finer than the No. 100 sieve, 
there would then be justification in wasting 50% of the pit run, since such 
excess of fine sand is merely an adulterant to the water-cement mortar, reduces 
the strength and density of the concrete, and generally costs less to waste 
than to use. There have been many engineering crimes committed in the 
name of grading, at added expense and sometimes with loss of quality of the 
concrete. ‘‘Soaking” the contractor to produce 5,000-lb concrete by wasting 
good aggregate, when the specification merely calls for 2,500-Ib strength, is a 
practice which automatically increases the contract price with little benefit 
to the owner. From the point of view of national economy, it would appear 
to be better engineering economy to allow the contractor to have an extra 
million dollars of profit in his pocket rather than have it poured out ‘and 
forever lost in an enormous and unwarranted waste pile. 


D ‘ : 
The ideal grading of the coarse aggregate from i0 to D is no doubt a straight 
line as proposed by Messrs. Fuller and Thompson, in 1907. An ellipse from 
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D ‘ ‘ 
the No. 100 sieve, or 0.0059 in. to a and tangent at io to the straight line 


from Be to D, is perhaps the ideal sand to go with the ideal coarse aggregate. 
The equation of the ellipse is 


2 
ie (2 ) Cat = '(a'— ew? £°0.0059)*1. 2 eee (12) 
in which 
_ y’ (0.1 D — 0.0059) — m (0.1 D — 0.0059)? 
Soa yy = Dm (OLD = 0.0080) |, eee 


a [2a(0.1 D — 0.0059) — (0.1 D — 0.0059)? ]> °° 


and x is the sieve aperture, y is the percentage passing the given sieve, y’ is 
the percentage passing at « = a , m is the slope of the straight line expressed 
as a percentage, D is the maximum sieve size of the aggregate, and a and b 
are constants for the given maximum size and point of tangency. This is 
very simple to use when one becomes acquainted with it, and gradings of any 
given fineness modulus can be determined without much trouble. 

The Bolomey Curve® is simply a modified parabola of the proportion 
passing and can be determined for any fineness modulus by varying the value 
of N in the equation for the proportion retained 


in which r is the proportion retained on the given sieve of d opening, and D 
is the maximum sieve size of the aggregate. 

The Talbot Curve described by Mr. Tyler (Eq. 4) should be written in 
the form: 


in which n is an exponent, and not a “factor” as stated. 

The Fineness Modulus Is the Practical Tool of Grading —The graphical 
method of determining grading proportions is obsolete, slow, tedious, and 
inaccurate. By use of the fineness modulus and tabular values of the particular 
grading curve used, the proportions of 3 and 6 aggregate parts can be calculated 
in 3 and 6 min, respectively. Slaves to inflexible graphs are obviously rule- 
of-thumb workers in concrete technology. The graph as an illustration of the 
equation is useful, of course, but its use as the only means of determining 
values gives it a fictitious importance which generally overlooks the principles 
of variation involved. Eqs. 4, 12, 13, 14, and 15 each must comprehend a 
large number of curves whose fineness moduli need to correspond to Kq. 9, 
depending upon shape and maximum size of aggregate, and upon the cement 


ae 90 ““Contréle des Qualités des Ciments,” by J. Bolomey, Travaux, Vol. 21, No. 54, June, 1937, pp. 256— 
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content. For rounded gravel aggregate, the fineness modulus of the grading 
curve (see Eq. 9) should follow the equation 


free milor CO 2-75 log D231. oe es. 8) 


in which C is pounds of portland cement per cubic yard and D is the maximum 
square-hole size of the aggregate. If crushed stone or slag is used as coarse 
aggregate, the value of f should be reduced 0.25, and 0.40 if the crushed material 
consists of unusually flat and elongated particles. If stone screenings are used 
as fine aggregate, the value of f should be reduced 0.25. Other conditions may 
require a reduction of 0.50 and, again, may permit an increase of 0.25 or more. 

The fineness modulus of aggregate, as a means of grading and proportioning, 
was presented by Professor Abrams* in 1918, and offered a more accurate and 
more expedient method than the tedious graphical one. Its sponsors in 1918, 
however, rejected it in'1928, instead of perfecting the technique of its use. 
As a consequence, the value and utility of this long-needed and essential 
physical characteristic of an aggregate has not been generally appreciated. 
Too little attention has been paid to the fact that the fineness moduli of the 
parts of an aggregate between the standard sieves in Col. 1 following are as 
shown in Col. 2: 


Column 1 Column 2 Column 1 Column 2 
No. 100—No. 50 1 jsin— Zin. 6 
No. 50—-No. 30 2 Zin #in. 7 
No... 30—-No. 16 3 3 in.— 13 in. 8 
No. 16—No. 8 4 14 in— 3 in. 9 
No. 8-No. 4 5 3 in 6 in. 10 

6 in-12 in. el 


Accordingly, the fineness moduli of the parts of a theoretical or actual 
grading curve from 0-5, 0-7, 0-12, or 35-14, etc., can be calculated readily. 
If it is desired, for example, to combine normal j-in.—1}-in. and 14-in.—3-in. 
job aggregates for a straight-line grading, it is evident that, theoretically, 
the 2 in—12 in. should be 33%, and the 13 in.-3 in., 67%; and the theoretical 
fineness modulus of the 2 in.—3 in. is, therefore, (0.33 X 8) + (0.67 X 9), or 
8.67. If the actual fineness moduli of the job aggregates are 7.95 and 9.07, 
the job proportions by absolute volume are determined by simple proportion 

i pramet): Cee BSS acy 357 of ging 
(as shown by Professor Abrams*): Ko F~ 9.07 — 7.95 : $-in. 
13-in. aggregate, and 1.0—0.357 = 0.643 of 14-in.—3-in. aggregate. 

With this key, its elaboration should be obvious to any average mathema- 
tician familiar with the most simple operations of algebra. It can be used 
with the grading of the. average pit run or with the most, elaborate grading 
equation. The fineness modulus is a characteristic of the whole and the parts 
of any grading equation and is complementary to it. It is a physical char- 
acteristic quite as important in its utility as the specific gravity. Concrete 
technology would not be complete without it. Concrete control demands its 


constant use for efficient control. 


| 
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Ample Slump Is: Important—Mixtures can be too dry for the conditions — 
of use. Dry mixtures of 3-in. slump, and less, trap air and require an excessive 
amount of puddling work, and the volume of honeycomb increases with the 
dryness. Dry mixtures are the most permeable, medium mixtures the least 
permeable, and wet mixtures are less permeable than dry mixtures. The 
tendency since 1918, on dams and elsewhere, has been to make concrete:too 
dry. Less than 3-in. slump is not warranted by the theoretical but questionable 
improvement of quality, nor by engineering economy. | Making: concrete:so 
dry that it will not flow in chutes on 40% grade is abandoning the practical 
and economical for a questionable theory which is more costly. |. Experimenta- 
tion too often looks at the quality obtained under laboratory conditions without 
regard to the quality per unit of cost on the job. Laboratory results too 
often disregard the labor and time element. During:all the history of concrete 
there have been three schools of consistency: The Drys,' the Wets, and: the 
Moderates. The ‘‘old army specification” was ‘‘the consistency of fresh cow 
dung,” as recommended" by the late Gen. Q, A. Gillmore, M. Am. Soc. C. E., 
about 1863. The terrible examples of honeycombed and. patched concrete, 
since the inception of the Abrams water-cement. ratio-strength law, suggest 
that practical lessons from a cow should supplement a theoretical, knowledge 
of the Abrams law. 

Since 1924 the writer has made many observations of the slumps and other 
conditions of mixture which produced satisfactory workability. The ‘optimum 
slump” for hand or manual puddling, tamping, and hammering (and flow in 
metal chutes on 40% grade) was found to be as given in Table 15. Mechanical 


TABLE 15.—Optimum Stumps 


Maximum size (inch) (square aperture)...... 


Optimum slump ((inch)).;. 034. sens sade ode | 


vibration will permit 1 in. less slump in the case of narrow and difficult sections 
in structural concrete, 3 in. less in massive concrete, and 4 in. less in pavements; 
but a reduction to less than 3-in. slump is a source of increased and unavoidable 


defects and increased cost. In general, concrete should be not only plasti¢ . 


but fluid, for the optimum results. “It should flow in a smooth, metal, parabola~ 
shaped trough on a 40% slope (1 on 23). cael ee gee 
Conclusion.—Much more should be said regarding the practical considera- 
tions covered by Mr. Tyler’s paper, as well as the scientific and technical. 
Mr. Tyler’s school of concrete control is producing most excellent ‘concrete, 
without doubt; but, also’ without doubt, that school! of thought is using false 
physics, false theories, and practical ideas colored by.them, at great expense 
and waste. '\ No one person is responsible: The profession, the civil engineering 
colleges, the Society, every individual) engineer—each is equally responsible 
for the chaos which has existed and still prevails in:the accepted knowledge of 
concrete physics and technology. Until the fundamental physics of «material 
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characteristics and the laws of concrete mixture composition and quality are 
understood, there can be'no prideful progress in conerete control on dams or 
elsewhere. 


S..0..Harper,” M, Am. Soc..C..E. (by letter).°7—The summarization, by 
Mr. Steele, of, the practice in the. art, of, building concrete dams, is a, valuable 
contribution to the literature on dams. The, painstaking, care evident in the 
assembly of Table 11 and the supporting comments in the.Appendix make of 
that section.a.most valuable reference... Comments.made herein. are) listed 
under the same headings,as appear in the paper; 

Joint Spacingi—The spacing of, vertical contraction: joints so, that, joints 

occur, at. sudden. changes in the foundation. profile in. order to minimize the 
formation. of cracks, as. discussed; by..Mr., Steele, is theoretically sound, but 
usually, impractical for various reasons. In. the first place, the foundation 
conditions cannot. be, predicted. with, sufficient, accuracy, prior, to actual un- 
covering, for predetermination of the spacing of joints such that they will occur 
at the foundation breaks. Secondly, the usual irregularities encountered are 
seldom in directions or on straight lines that lend themselves to the location of. 
contraction joints at the points of irregularity. Furthermore, the additional 
cost of variable size in forms as compared with uniform dimensions grows to a 
sizable value when account is taken of the construction delays and.extra opera- 
tions imposed by nonuniformity in procedure. In many cases material im- 
provement can be effected in irregular foundations by a little expenditure for 
additional excavation. The undesirable effects of uneven foundation condi- 
tions in contributing toward cracking can be greatly minimized by suitably 
placing concrete in the depressions to build up the foundation to a general 
level and by adequate temperature control of concrete so placed in advance 
of general construction. RS é 
-~ Slots Versus Grouted Joints Versus Open Joints —The conclusion of Mr. 
Steele that the slot method of joint construction might be more satisfactory 
than the grout-film method is further substantiated when considering the nor- 
mal variation in temperature of the concrete in thin dams constructed in ex- 
tremely cold climates. — 
_ Very meager data are available of actual measurements of such temperature 
variations. Eight embedded resistance thermometers located across two trans- 
verse sections of Seminoe Dam in Wyoming, 21 ft from the top of the dam where 
the thickness is 21 ft, varied from an average of 24° in midwinter to 68° in 
midsummer. The mean annual air temperature at this location is 41°. 

The contraction joints of Seminoe Dam were grouted in the early spring, 
as soon as the measured temperatures in the interior of the dam were more than 
32°. Although every effort was made to grout the joints atthe most favorable 
time, the average temperature of the eight thermometers at the top of the dam 
was 45° by the time this region was erouted. A reasonable estimate of the 
minimum closure temperature where contraction joints are grouted is about 40°. 

_ Estimates.of the range in temperature of a thin arch dam, being considered. 
for construction in a region in. Colorado where the mean annual air temperature 


, # Chf..Engr., U. 8. Bureau of Reclamation, Denver; Colo. 
926 Received by the Secretary August 26, 1940. 
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is 32° indicate that where the thickness of the dam is 20 ft the average concrete 


Severe stresses would be imposed upon 


this arch subjected to maximum water load during periods of minimum tem- 
It is estimated that closure could readily 


be made with slots with mean concrete temperatures as low as 25°, which, in 


temperatures will vary from 5° to 53°. 


this instance, would be a considerably more favorable closure temperature and 


would obviously be difficult to accomplish with grouted joints. 


perature if closure were made at 40°. 


Bonding Joint Surfaces.—Mr. Steele’s statement that ‘‘The adequate bond- 
ing of horizontal and inclined joint surfaces has been one of the most difficult 


The 


importance of this factor in present-day construction is well illustrated by the 
termed joint cleanup, is still an appreciable percentage of the total cost of 


fact that the cost usually charged against horizontal joint treatment, commonly 


problems to solve satisfactorily * * *” is a very pertinent observation. 


where the final sandblast 


? 


At Grand Coulee Dam 


method of cleanup is being used, the actual net cost of cleanup for 1, 


concrete in place. 


mass 


312,941 


* One Test Only, 3 Specimens Each, with 


Mortar Bedding, for Each Type of Curing 
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cuyd. This cost was obtained throu 
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cleanup cost to the reported 23 cents from a considerably higher value, only 
after extensive research to develop suitable equipment and operating technique. 
Less than one third of this cost fully covers the sandblasting operation and 
its maintenance. The remaining two thirds represents the cost of removing 
construction wastes, mucking, final wash-down and maintenance incidental to 
these operations which are common to all thorough cleanup procedures under 
present-day methods of construction. It is apparent that the development of 
joint cleanup methods which will insure satisfactory results more economically 
presents a promising field for investigation. 

Mr. Steele has indicated certain precautions to be observed and methods 
to be followed in order to ‘solve satisfactorily” the joint cleanup problem, 
but it appears desirable to define what can be considered as satisfactory results. 
Certainly there is no. object in striving for bond strength and watertightness at 
the horizontal construction joints in excess of the tensile strength and im- 
permeability of the concrete mass. From a study of Fig. 26, which summarizes 
the results of very carefully conducted laboratory tests on construction joint 
bond tests, it appears that 100% bond strength, or more, can be obtained by 
any one of several methods of treatment. However, these results should be 
interpreted in terms of field conditions, which require a margin of safety and a 
human-element-proof set-up to provide for the uncertainties of construction 
variables, and not in terms of the ideal laboratory control under which the 
tests were made. 


In appraising these test data, the following items apply: 


1. The bond strength was measured in direct tension; 
2, Efficiency was based on the average strength of solid tension control 
specimens; 
3. The test specimens were 8-in. by 16-in. cylinders with mid-sections re- 
duced to a 6-in. diameter; 
4, At the time of the test the age of the bond was 28 days; and 
5. The data represent the average results of 81 separate tests involving: 


(a) Ten combinations of cleanup; 

(b) Four types of curing treatment; 

(c) Joint surfaces both wet and dry; 

(d) With and without mortar bedding; 

(e) Constant mix proportions in both lifts. 


6. Data pertaining to the mixes are given in Tables 16 and 17. 


Major consideration should be given to the fact that the tests represented in 
Fig. 26 and Table 17 were made with high-quality, low-slump concrete placed in 
shallow lifts with a minimum of bleeding or other segregation and formation 
of laitance. Fortunately, such undesirable conditions as excessive bleeding, 
segregation, and laitance formation in the field, which account for leakage 
and disintegration at the tops of lifts, just below the construction joint, in so 
many existing dams as noted by Mr. Steele, have been eliminated to a large 
extent in recent years by improved practice and control in mass concrete work. 


Se are 
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In addition to the tests represented by Fig. 26 and Table 17, many tests 
have been conducted in’ the field at various dams by casting columns on the 
surfaces of concrete lifts for either pull-off or push-over tests. The results of 
these field tests, together with observations on the jobs, are considered essential 
to the proper interpretation of the laboratory results illustrated. 


TABLE 16.—Concreta Mrxes In Construction Joint Bonp TESTS 


Description Concrete Bedding mortar 
Cement content® (barrels per cubic yard).............. 1.18+ 2.12 
Water-cement ratio (net) by weight.................-. 0.60 0.60 
‘Average: slump, (inches)... /ds/an co eemienine bislau pun ete aed ate 2 
INTIS V I WELLT D/O ots ote winis wersplbiee’ slaveaxeutads 5 sae Mle ia acer 12 33.55 Tye 
GI Siibyaweig ht seit teed seit stale s,eyabe oeard ls cy aors haps httes ofa 1.6 eiees 
aximum size of aggregate (inches)...............6+: 1.5 


« Laboratory blend, modified.. * Approximate. 


The method of curing the surfaces of concrete lifts with a membrane curing 
compound was included in the laboratory tests merely for purposes of compari- 
son. As might be expected, the results clearly indicate the difficulty in com- 
pletely removing the membrane compound, which is obviously necessary if 
complete bonding is to be obtained. 


TABLE 17.—ExpLaNaTION oF CuRING TREATMENT TeEstTs IN Fig. 26 
(Averages, Tops Wet in All Cases*) 


. Air 
ee Pins mole texapermait Humidity ict eke Mortar bedding 
‘ 1 LIL 70° 50% 4 tests of 3 specimens each | With and withoute 
rt 2 KZZZZZZZLZZLLA Sp 1 Ae 2 tests of 3 specimens each? | With and without 
ge 3 rise ants 2 tests of 3 specimens each | With and without 
4 fae ste 1 test of 3 specimens? With mortar bed only 


_ 7 Item 1, also with tops dry. * Continuous spray. ¢ Clear curing compound. 4 Two-inch layer of 
moist sand. 


Although the results shown in Fig. 26 indicate that satisfactory results 


(bond strength equal to 100% of the tensile strength of the concrete), under _ 


laboratory conditions, can be obtained by wire-brushed cleanup, either as an 


initial or final operation, the improvement in bond obtained by methods other _ 


than wire brushing is apparent. Such improvement is much more pronounced 
under field conditions where it is humanly impractical to secure effective and 
thorough cleaning of a large lift surface by wire brushing. Furthermore, the 
method is expensive. 

‘Fig. 26 and Table 17 show conclusively the adequacy, under the con- 
ditions represented, of the air-water-jet method of initial cleanup, a pro- 
cedure which has been popular in large dam construction during recent years. 
' However, there are several factors on an actual job which necessitate caution 
and constant vigilance if comparable results under field conditions are to be 


secured with this method. The optimum age of the concrete at which the 


cutting operation should be performed varies considerably (from 3 to 12 hr), 


ae 
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depending upon temperature and humidity, the type of cement, and the in- 
tensity of the air-water jet employed. If performed too early or with a jet 
under too high a pressure, permanent disruption of aggregate particles and 
overcutting with unnecessary waste of concrete are probable; if too late, the 
removal of laitance is not always insured. Proper bonding at a deeply cut 
surface (which is the usual practice on the job) requires particular care and 
thoroughness in working the mortar layer and new concrete into the old surface, 
an operation which is subject to human-element variations. Under many job 
conditions, the surfaces of the lifts become contaminated with construction 
wastes and coatings of various kinds before the next lift of concrete is placed. 
Such conditions require sandblasting or other suitable treatment in a final 
cleanup operation. On a large modern dam, it is reported that contamination 
subsequent to the initial cleanup is prevented by frequent washing with the 
high-pressure air-water jet during the interval of time that the lift is exposed. 
Complete cost data on this method are not available, but it is known that the 
cost of initial cutting and subsequent jetting on this dam is more than the cost 
of the actual sandblasting operation, exclusive of the cost of handling the sand, 
used in a final cleanup method on another job. Less than 6 cu yd of sand is 
required for cleaning a 50-ft by 50-ft block surface. 

The sandblast method of final clean-up, just prior to placing the next lift, 
eliminates most of the uncertainties imposed by the aforementioned construc- 
tion conditions, and thus goes a long way toward providing the needed factor 


_ of safety for insuring satisfactory results. Considerable savings in construc- 


tion costs have also been effected on some jobs by the use of the sandblast 
final cleanup as compared with an initial air-water-jet method, followed by 
necessary final cleaning to remove contaminating coatings. 

The results shown in Fig. 26 and Table 17 indicate that exposure of the 
lift surfaces to laboratory air at 70°F and 50% relative humidity has little 
effect on bond strength as compared with moist curing. This should not be 
interpreted as indicating that adequate curing is not required under field ex- 
posure to hot, dry air and sun. Proper curing of lift surfaces is considered 


essential under job conditions. 


Of particular interest are the consistently superior results obtained in the 
laboratory tests with the damp sand-blanket method of curing. In these tests, 
the sand cover was applied eight hours after placing the first lift and, therefore, 
was not as effective in insuring a tight bond as would have obtained had the 


‘sand been applied at two to four hours, which is indicated by supplemental 


tests and field experiences. The damp sand method of curing, properly applied 


as soon after a lift is completed as practicable, constitutes excellent insurance 


against many of the unfavorable conditions for satisfactory joint bonding 
occurring on the job by preventing the formation of laitance and calcium car- 
bonate and by protecting the concrete surfaces from injury, contamination, and 
drying. In order to effect these benefits, concrete of fairly stiff consistency 
(—2-in. slump) must be used and the sand covering applied at a very early age 
of the concrete, preferably before initial set takes place. With sand curing 
of concrete, which is reasonably free of bleeding and segregation, and is 
properly placed and compacted without overworking, and with the lift surface 
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otherwise left in a suitable condition, about all that should be required before 
placing the next lift is removal of the sand and thorough cleaning with air and 
water jets. This method is being used on a large dam in which concrete placing 
has just begun. The early experiences, which may not hold under all the 
conditions that will be encountered throughout the life of this job, indicate 
that satisfactory results are being obtained at a very reasonable cost as com- 
pared with other methods. Sandblasting can always be used in conjunction 
with sand-blanket curing in spots where air-water washing might be inadequate. 

The final step in any procedure for obtaining a good construction joint is 
concerned with placing the new concrete on the cleaned surface of the pre- 
ceding lift. A common practice is to cover the surface with a half-inch layer 
of mortar in which the new concrete may be embedded. It has been demon- 
strated that good bond can be obtained by placing the new concrete directly 
on the old if the new concrete is worked very thoroughly. However, under the 
variable conditions and rush of construction operations, the insurance of com- 
plete bonding and contact afforded by the mortar layer is considered a very 
important factor and therefore its use is essential. 


R. F. Buanxs,* M. Am. Soc. C. E. (by letter).%**—Mr. Tyler has considered 
his subject of concrete control from its broadest interpretation, and has ably 
discussed factors in connection with the selection, production, and combination 
of materials and methods of construction which affect structural design condi- 
tions as well as the service performance of the finished structure. 

Type of Cement.—He compares normal, modified, and low-heat cement for 
use in concrete dams. Normal cement is apparently included for the purpose 
of comparison as to physical and chemical properties. However, in the light of 
present-day knowledge of portland cements, the definite statement is warranted 
that normal cement should not be used in the construction of large masonry 
dams. This does not mean that reasonably satisfactory results cannot be ob- 
tained with normal (standard) cement provided construction rates are suffi- 
ciently slow and other important factors are appropriately controlled. How- 
ever, modified, low-heat, or, under certain conditions, portland-puzzolan ce- 
ment are so superior for masonry dams constructed with modern methods that 
there is no reason or justification for using standard cement. 

The principal difference between standard and modified cement, if they are 
both ground to the same degree of fineness, is that the latter contains consider- 
ably lower percentages of tricalcium aluminate (3CaO-Al,0;) and somewhat 
lower percentages of tricalcium silicate (3CaO-SiO.). Tricalcium aluminate 
has been shown, by extensive tests, to be an undesirable constituent of portland 
cement for use in hydraulic structures, and particularly so if corrosive waters 
are involved. Concrete made with cement containing high percentages of 
3CaQ-Al,03 are characterized by greater volume changes, lower ultimate 
strengths, and reduced resistance to disintegrating agencies, than concrete 
made with cement containing lower quantities of this constituent. Lower 
3CaQO-Al,O3 and reduced 3CaO-SiO: appreciably reduce the rate of heat gen- 


erated by hydration, particularly at early ages. Thus, low-heat cement in 
Se eee 


% Senior Engr. (Civ.), Bureau of Reclamation, Denver, Colo. 
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_ combination with slow construction, or in combination with artificial cooling 
and rapid construction, will result in the setting heat being dissipated at a rate 
more nearly equal to the rate of heat generation, with attendant lower temper- 
ature differentials between interior and surface concrete, and with reduced 
cracking tendencies. 

The use of low-heat cement without any provision for controlling concrete 
temperatures during construction will not necessarily eliminate cracking en- 
tirely. The flow of heat in concrete is susceptible of accurate analysis, and a 
decision to use low-heat in preference to modified cement should not be made 
until such analyses have been completed, taking into account anticipated con- 
struction conditions and practical methods of temperature control. It has 
been demonstrated that, with a reasonable spacing of contraction joints, large 
dams can be built with practically no temperature cracking. Reduction in 
cracking, together with elimination of joints, involves the question of economics. 
As improved methods of construction are devised and advances made in the 
development and use of materials, it is entirely conceivable that concrete dams 
may be built without joints and with no temperature cracking. 

Materials and Concrete Production—From Mr. Tyler’s comments on con- 
crete control, one cannot avoid being impressed by the fact that the production 
of concrete for a large dam under modern, rapid rates of construction is essen- 
tially a large-scale, intensive manufacturing process. Typical of such pro- 
cesses, the uniformity of the manufactured product, and in the case of masonry 
dams, the integrity of the finished structure, is dependent to a major degree 
upon the uniformity of the ingredient materials and the efficiency and control 
with which they are combined. 

With the modern, efficient equipment that is available, raw aggregate 
materials can now be processed extensively for large jobs very economically. 
In large dam construction, therefore, there is little excuse for the use of aggre- 
gates which are not of satisfactory quality, grading, and uniformity, even with 
relatively poor raw materials. For example, uniformity of sand grading on 
current large jobs is easily maintained such that the variations in fineness 
modulus from the average do not exceed +0.10. Such characteristics in aggre- 
gates pay large dividends in increased cement economy and improved handling 
qualities of the fresh concrete, with greater economy in construction and 
maintenance. . 

Progress in the production of uniform cement has not been so satisfactory, 
particularly when the cement supply originates from several mills, as is usually 
the case for large jobs. It has not as yet been found practicable to devise 
cement specifications that will insure any high degree of uniformity between 
different brands of the same type of cement. It is not uncommon to find two 
brands of cement supplied under the same specifications varying as much as 
100% in 28-day strength and differing materially as to heat generation, water 
requirement, and other mass concrete-making properties. Such conditions re- 
quire extensive blending facilities on the job and close scheduling of cement 
shipments from the various mills in order to obtain a uniform product. : 

Modern batching plants have been referred to as “houses of magic.” This 
is an appropriate designation, as the efficient manner in which up-to-date 
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equipment proportions the ingredient materials for mass concrete with a mini- 
mum of the human element and other variable factors, and a resulting maxi- 


- 


mum degree of uniformity, is in reality little short of magic. Developments in — 


mixing equipment have not progressed in step with batching methods. In 
fact, until quite recently, equipment obtainable for mixing mass concrete con- 
taining large sizes of aggregate produced an action more nearly comparable to a 
ball mill than a mixer. Recently devised methods for measuring the efficiency 
and uniformity of mixing concrete have effected considerable improvement. 

Construction Methods—Recent advances in knowledge concerning the prop- 
erties of mass concrete resulting from contemporary engineering research, as 
mentioned by Mr. Tyler, are gradually narrowing the gap between the design- 
ing office and the construction field. 

The outstanding factor which distinguishes mass concrete from other types 
of concrete work is the development of cracking caused by temperature rise 
from the heat of hydration and subsequent cooling. To insure stress distribu- 
tion and transfer in accordance with monolithic design the control of such 
cracking introduces problems of temperature control, foundation treatment, 
and limitations in construction procedure. These problems assume magnified 
proportions under modern, rapid-rate construction methods. It is safe to 
state that practically all of the unusual and varied control problems in connec- 
tion with present-day mass concrete construction have been introduced as a 
result of speeding up the operations. For example, there were comparatively 
few mass-concrete problems, as engineers of today know them, involved in the 
construction of Crystal Spring Dam, in California, built about 50 years ago at 
a very slow rate. In this connection, Mr. Tyler’s comments under the heading 
of ‘“‘Concrete Control: Cracking” are particularly timely. 


Construction Control.—Although little could be written concerning the de- 


tails of construction control operations in a paper of this scope, Mr. Tyler’s 
comments clearly reflect the complexity of the problems involved and the 


numerous items that require constant attention throughout the aggregate pro- — 


duction, batching and mixing, transportation, placing, curing, and temperature 
control phases of modern concrete dam building. This, in turn, necessitates a 
large inspection force and adequate laboratory facilities with resulting rela- 


+ 


tively high engineering inspection and overhead costs. This mounting cost of — 


engineering control, in terms of a percentage of the total cost, has been a source 
of considerable concern to engineers charged with the responsibility of building 
large projects. However, it should be borne in mind that many of these large 
projects would be economically unfeasible without the modern methods of 
construction. Thus, although the overhead and engineering costs are rela- 
tively high, the total costs are thereby brought within practicable economic 
limits, and, at the same time, a longer, more serviceable life is insured. - 
Concrete-Placing Buckets—Mr. Tyler mentions some factors to be con- 
sidered in connection with the use of buckets of large capacity. The large 
bucket is one of the many construction developments brought about by the 
ever-increasing demand for greater speed and, presumably, increased economy. 
The economy resulting from the use of large buckets is counterbalanced by 
either one or both of two factors: (1) Increased cement content to provide a 
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higher slump for a given water-cement ratio; or (2) increased cost of vibration 
and other consolidating operations. If the concrete from straight-side buckets 
of large size could be properly distributed as it is discharged rather than being 
dumped all in one pile, the objectionable features would be minimized. Francis 
T. Crowe, M. Am. Soc. C. E., has developed an 8-cu yd bucket at Shasta Dam, 
in California, which can be operated so that the discharge is effectively con- 
trolled and shows promise of reducing the objections to previous types of large- 
size buckets. Buckets of large capacity have proved to be of considerable 
_ benefit in very hot, arid locations where a rapid rate of concrete placing is 
necessary in order to maintain a live concrete working surface and thus avoid 
cold joints and unsatisfactory consolidation. 

Construction-J oint Cleanup.—The writer must take issue with the statement 
(see heading, ‘Concrete Control: Cleanup, Curing, and Finishing’) ‘that con- 
struction joints are probably the weakest locations in any concrete dam.” The 
comments in the paper following this quotation substantiate the writer’s belief 
that the weakest locations are in the concrete near the tops of the lifts and not 
in the joint itself. Many tests, conducted both in the field and laboratory 
using various test methods, have shown that where reasonable care is exercised 
in cleaning the joint surface, the bond obtained at the joint is usually stronger 
than the underlying concrete. This fact emphasizes the need for giving proper 
attention to the design of mass concrete mixes and to the placing and consoli- 
dating operations in order to avoid the undesirable conditions mentioned by 
Mr. Tyler. The foregoing comments indicate that a joint-treatment procedure 
which can be accomplished with the least cost and at the same time insure the 
desired results is the method that should be used. Sandblasting and washing 
just prior to placing the next lift accomplishes such results. Very recent ex- 
perience indicates that much, if not all, of the sandblasting can be eliminated 
when damp sand covering is used for curing, provided that the sand is applied 
soon enough after finishing the lift, and that the character of the surface con- 
crete after placing is satisfactory. 

Cold-Weather Protection —Mr. Tyler’s statement (see heading, ‘Concrete 
Control: Cleanup, Curing, and Finishing’’) that “provision for protection 
against freezing for two weeks after placing may be necessary in some cases”’ 
needs some explanation. Test data as well as experience on the construction 
of dams in cold climates have shown that concrete is not injured by freezing 
after, say, three days of curing at a temperature of 50° F, provided opportunity 
is had at some later date for normal resumption of the hydration process. The 
degree of protection required depends upon the location of the concrete in the 
structure and upon the particular job conditions. “Hard and fast” rules ap-- 
plicable to all combinations of materials and conditions cannot be formulated. 
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THE PRACTICE OF STATE HIGHWAY DEPART- 
MENTS IN THE DESIGN OF ABUTMENTS 


PROGRESS REPORT OF A SPECIAL SUBCOMMITTEE OF 
THE COMMITTEE OF THE STRUCTURAL DIVISION 
ON MASONRY AND REINFORCED CONCRETE 


Discussion 


By Messrs. E. W. WENDELL, AND STANLEY LEVITT 


E. W. WENDELL,? M. Am. Soc. C. E. (by letter) .**—Although the discussion 
which may be advanced covering the Committee’s Report would seem to be 
academic, it must not be lost sight of that the financial volume of work which 
progresses throughout this nation covering structures designed and constructed 
by the various states, from a span of 5 ft to a span of a few hundred feet, is 
a figure to be respected even in these days. There are tremendous economies 
which could be effected due to the application of correct design and construc- 
tion by the state, not only for the work which it designs and constructs itself 
but also for that which is progressed by subdivisions of the state as a recognition 
of its methods. In too many instances the various states, including New York 
State, have tried to establish standards of design for bridge construction. 
There has been, and undoubtedly there will continue to be, some merit in the 
standardization of superstructure design. When this effort is introduced into 
substructure design, however, all the economies that engineers have endeavored 
to establish are immediately made nugatory. The variation in subsoil condi- 
ditions, not only from state to state but from one subdivision of the state to 
another, is so tremendous in scope that standard designs for substructures 
- should be eliminated from every state’s activity. 

The real economies before the engineer rest not in the establishment of 
standards but in the use of foundation knowledge. It is at this point that the 
great variable exists. Two bridge engineers may design superstructures that 
will vary but slightly in their characteristics and cost. Both of the super- 
structures will be entirely satisfactory. These same two engineers may vary 
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tremendously in their design of the foundations for the substructure, and it is 
at this particular part of the work that the great variation in the cost of the 
bridge really occurs. An artisan dexterity covering the manipulation of stand- 
ards can never be substituted for the understanding analysis of variability, with 
the application of creative reasoning. 

Meticulous detail is advanced with respect to the design and construction of 
the substructures for major bridges. It is common knowledge that the loss in 
the so-called small bridges during any flood is far in excess of the loss in large 
bridges. This is rather convincing proof that more trained thought and study 
are invariably given to the design and construction of a major span bridge. All 
too often the foundations have been left to the man in charge of construction, 
to develop and change as he sees fit. In the height of present-day knowledge, 
this not only is an inefficient way to progress but positively a most uneconomical 
method to utilize. Much of the cost of short-span bridges is in the substruc- 
tures. Changes in the original design, after construction progresses, can almost 
always be attributed to a lack of subsurface information or the application of 
erroneous subsurface information in the design. 

The work which Professor MacLean has progressed cannot help but be of 
benefit to all of the states. To the writer’s knowledge, this is the first analysis 
made of the foundation design for bridge structures covering the states’of the 
Union. It is quite true that there has been considerable activity on the part of 
the American Association of State Highway Officials to establish specifications, 
and, in general, the load requirements for superstructures are recognized, in 
this way, by all the states. The functional relationship of the various parts of 
foundation design and construction, however, is not so well fixed. This is 
clearly indicated by the Committee’s condensed report covering the activities 
of even contiguous states. There is such a tremendous variation in the design 
and construction of small bridges that it is sincerely hoped that the work which 
has been advanced will produce a unifying effect throughout the various states. 

Over a number of years an analysis of the results obtained by subsoil ex- 
ploration has convinced the writer that the organization that conducts the field 
activity covering sub-surface investigations should be a part of the construction 
organization. New York State has tried various schemes of organization in 
connection with its structures, from the preliminary investigation to the com- 
pleted project. The method used today is satisfactory. The state is divided 
into ten district regions, each having a district engineer in charge of all con- 
struction in his district. All field investigations for surface and subsurface 
information are established by the district office. All bridge designs are made, 
as a centralized activity, at the headquarters office in Albany, N. Y. This places 
the responsibility for proper subsurface information upon the construction 
personnel, who must confront themselves with the situation at the time the 
work is placed under contract. If field and subsurface explorations are ex- 
tended by separate units, it is quite difficult to obtain the desired detail informa- 
tion due to the endeavor to keep down costs for subsurface explorations. 
Nothing is more demoralizing, after the award of a contract, than for a con- 
struction organization to find that the conditions in the field differ radically 
from those obtained when the preliminary investigations were advanced. 
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There will be enough variation under the most favoarable circumstances with- 
out avoiding unified responsibility. 
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In addition to the method of procedure herein outlined covering the activities — 


of the organization, New York State requires that no change be made in any 
foundation unless the information on the plans differs materially from the con- 
ditions found in the field. As the organization responsible for the design, the 
headquarters office is informed of conditions differing from the plans. This 
enables them to analyze the design and make such changes as can be economic- 
ally established as a recognition of the alteration in the conditions disclosed in 
the project. This procedure is cited in detail because it avoids any lack of 
record covering the progression of the project, and it leaves the control of the 
contract in the hands of the construction organization, with complete coopera- 
tion from those responsible for the design before the change is made. The 
State Department of Public Works thus has a complete record, from the estab- 
lishment of the preliminary field data to the completion and acceptance of the 
project. 

For all structures of less than 5 ft in span, other than pre-cast structures, 
the writer is convinced that, unless rock outcrops at the site, borings should 
be taken with dry samples. Drive rods by themselves do not give sufficient 
information for a proper design, without a strong possibility of altering the 
design after the award of the contract. The writer prefers the blows on the 
casing of the wash drill, as an analysis of the density of the material indicated 
in the samples when dry samples are taken, to the drive rod investigation. 
However, if it is not possible, with the equipment that is being used, to obtain 
the penetration of the spoon to secure a dry sample, then drive rods should be 
used to avoid any misunderstanding as to the penetration of a pile in the mate- 
rial as located at the site of the structure. In other words, dense, cemented 
material will give the same results as material that is not cemented, if a wash- 
drill boring is established without securing dry samples. The only method that 
one can use to determine if this material is hard and firm is then to drive rods. 

There can be no question that considerable advancement has been made 


during the past twenty years with regard to the knowledge of soils. There is 


need for more true knowledge about the bearing value of undisturbed soils. 
The writer does not have in mind the information of the values as a tabulation 
but as an understanding analysis of the soils encountered: It does not produce 
any advancement to know that a certain type of soil will carry a certain number 
of tons per square foot if the engineer fails to recognize this soil when he sees 
it. It is essential that the water content of the soil subsequent to the comple- 
tion of the project be recognized in the design. 

In the State of New York, designs have been advanced to construction 
with a variation in piling characteristics as a recognition of the carrying capacity 
of the foundation. For a great many years it has seemed to the writer that the 
driving of any type of displacement pile in clay to develop a frictional resistance 
is fundamentally wrong. However, he firmly believes that the driving of a 
pile in clay can, and does, materially assist the foundation in carrying the load 
if the pile is driven with minimum displacement. At various localities where 
the borings indicate that the clay is denser at low elevations and not immandie 
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ately overlying rock, it has been found that open-ended piles, driven to an eleva- 
tion predetermined by borings and then blown out and filled with concrete, 
create a most satisfactory medium of support. In these same localities it has 
been found that a displacement pile not only destroys the original value in the 
existing soil but creates pressures which distort the material surrounding the 
pile and the adjacent piles so that subsidence almost invariably occurs. Where 
clay overlies rock and an end bearing pile is sought and if H-sections are not 
used, it is essential that piles be driven open-ended to avoid distortion. Many 
cases of pile uplift, in which piles are driven through clay to rock, can be avoided 
by recognizing this feature of the design. More study can be extended to this 
matter but the engineers of New York State have found it to be an economical, 
desirable, and simple method of supporting substructures in localities where, in 
the past, other methods have failed. For this reason, the writer wishes to 
express himself, most emphatically, in favor of analyzing the characteristics of 
the soil when establishing the type of pile to use. He mentions this matter of 
driving piles into this particular character of soil—that in which the material 
is removed from the driven shell after the shell has been established at a pre- 
determined elevation—because he knows there is considerable stability without 
a disruption of the equilibrium of the existing soil. ? 

With the thought in mind of the utilization of piles, a pile formula should 
not be used for anything other than a guide. Under no circumstances should 
it be used as a control in driving piles. In New York State the Engineering- 
News formula is used solely as a guide. The New York State method is to 
consider the design, carefully, from the borings and the terrain in which the 
project is located. From that study an endeavor is made to arrive at a con- 
clusion as to the type of pile to use, if piles are to be utilized. The design also 
recognizes if batter piles are necessary. In stream bridges, in many instances, 
untreated wooden piles are used. In those locations the engineer provides for 
a test pile to be driven before the contractor orders the piles. The form used 
(see Fig. 2) indicates the information which the field observer sends to the cen- 
tral office for a determination of the length of piles which the contractor shall 
order when untreated wooden piles are driven. This form indicates the make 
~ and size of the hammer, the speed of the hammer, and the number of blows per 
foot of driving. Always, the test piles are from 10 to 20 ft longer than the pile 
called for in the design. When these test-pile records are received in the Albany 
office they are checked against the information and data that have been ac- 
_ quired to reach a conclusion as to the correct length to drive in the particular 
foundation. As the work progresses, a daily record of all the piles driven is 
sent in on another type of form. This enables the central office, in all instances, 
to check the design against the construction contract, and it establishes a com- 
_ plete record, not only for future reference with regard to similar designs but 
as a record ofthe structure itself, which can be referred to should it ever become 
necessary or desirable to review the life history of the structure. The writer 
has treated this matter in rather meticulous detail because the application of 
this system of design and construction establishes records which are exceedingly 
helpful on succeeding projects and as a general guide and assistance to the entire 
organization throughout the state. 
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Unless an abutment rests on rock, considerable attention should be paid to 
backfilling in front of the toe before any fill is placed in back of the abutment. 
The writer’s observations have convinced him that in many instances this is 
not done. If care is not exercised in placing selected material along the toe of 
the abutment, a forward movement is quite likely to occur when the consolida- 
tion of the backfill is progressing in layers. 

For years engineers have been confronted with arguments pro and con about 
the so-called continuous type of open abutment. Frankly, there is considerable 
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misunderstanding about the utilization of so-called skeleton or open-type abut- 
ments. Experience covering hundreds of structures in New York State indi- 
cates that this type of design represents false economy. No one really knows 
the pressure on the footing of an open-type abutment, particularly subsequent 
to the initial movement created by subsidence, with the subsequent flattening 
of the rupture line. Naturally, where a structure rests on rock or excellent 
hardpan, or where end-bearing piles can be established to rock or hardpan, 
there would not be a vertical subsidence. From observations that the writer 
has been privileged to make, he is convinced that the load on these footings is 
beyond any figure which has been assumed or which may within reason be as- 
sumed. Reducing the load by increasing the size of the footings results only 
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in accentuating the trouble. To establish this type of design on a stream bridge, 
with the expectation that in extreme high water the fill will be washed out and 
the structure will remain and thus enable those responsible for its use to restore 
the fill without the loss of the bridge, might have had some basic logic thirty 
years ago, when a highway was a convenience. Today highways are essential 
lines of communication and transportation. To base a design on a rupture in 
the use of the highway, as a recognition of the lack of control of a stream dis- 
charge, should call for justifiable criticism from the user of the highway. In 
New York State it is quite essential to render 24-hr usage, 365 days a year. 


SranuEy Levirt,! Jun. Am. Soc. C. E. (by letter).““—This Report will be 
found of great value to many engineers who have designed, are designing, or 
will design abutments in the future. The Committee has performed an in- 
valuable function for the young engineer in presenting this Report. Here in 
the profound brevity of a few pages is confined the best modern practice of 
the composite bridge engineer in the design of highway abutments. 

The new “science” of soil mechanics seems to be of much interest to bridge 
engineers, but they have been slow to make use of the new tools it has given the 
profession. Modern soil mechanics had its birth about the end of the first 
World War and is now completing its adolescence. Its findings, however, have 
not become known to the larger part of the profession, even at this late date. 
The First International Conference on Soil Mechanics and Foundation Engineer- 
ing held at Harvard University, in Cambridge, Mass., in 1936, helped spread 
the results of the great researches in soils to the engineers who make their living 
away from the universities. The S.P.E.E. Conference on Soil Mechanics at 
Purdue University, in Lafayette, Ind., in September, 1940, should help in 
bridging the gap between research and application of soil mechanics theory. 
Many state bridge engineers or their representatives have attended this con- 
ference. This should go a long way in helping to clear up problem number one 
as suggested by many of the bridge engineers: “Develop a practical method for 
integrating the results of soil analysis and design.’ The writer would like to 
note his belief here that, even if this problem is successfully met, it will be no 
panacea for foundation ills. Because of the nature of the material with which 
it treats, soil mechanics will always be more a qualitative than a quantitative 
science. In its perfected state it will point the way to good foundations, but 
the engineer must remember his finest axiom: “There is no substitute for 
experience.” 

It should be recognized that it is the duty of the research side of the field 
of soil mechanics to point out to the busy practicing engineer where and when 
he can use its newly formulated earth pressure and settlement theories. High- 
way abutment design will react to these theories only when the designing en- 
gineer is convinced of their reliability and has been subjected to instruction in 
their use. This could be accomplished by means of short courses given for 
practicing engineers throughout the country and the publication of practical 
texts on the subject by leaders in the field. Simplification of theory would be 
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a requisite for these texts as practicing engineers are not prone to read very 
deeply into material filled with integral signs. Soil mechanics authorities can 
take a leaf from the column research which has finally given designers a practi-— 
cal and easily applicable method of column design, despite the fact that a mass 
of intricate mathematics was required in the development of the simple and 
adequate formulas now in everyday use. The prolific and valuable writing in 
the field of soil mechanics by many authorities to this date has been too scat-— 
tered and too theoretical to be of much practical use to the bridge engineer 
and his staff. It must be remembered that they are busy men with a job to do. 

In the past, experience was a good guide in the design of abutments and it 
will remain so in the future; but it must be remembered by the civil engineering 
profession that scientific knowledge of the action of foundations will soon be 
recognized by the law courts as requisite knowledge for the professional civil 
engineer. Failures due to earth action of one type or another were considered 
to be unpredictable acts of Nature in the past. Even at the present stage of . 
knowledge of soil mechanics this attitude is untenable ethically, and it will soon 
be untenable legally. 
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